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FRQWLQXH FRPPH HOOH D FRPPHQFp GDQV OH VRXWLHQ OD FRQILDQFH O¶DPRXU OD MRLH HW OD













PRGXOHU O¶DGKpVLRQ GH 0DS DX[ FHOOXOHV pSLWKpOLDOHV VXJJpUDQW O¶LPSOLFDWLRQ G¶DGKpVLQHV
FDSDEOHVG¶LQWHUDJLUDYHFFHVPDWULFHV6XU ODEDVHGHFHVREVHUYDWLRQV M¶DL LVROp O¶DGKpVLQH
/%3 SDU FKURPDWRJUDSKLH VXU KpSDULQH6pSKDURVH /D FDUDFWpULVDWLRQ GH OD /%3 GH0DS D
PRQWUp TX¶HOOH HVW LGHQWLTXH j  j FHOOHV GpFULWHV FKH] GLIIpUHQWHV HVSqFHV GH
P\FREDFWpULHV&¶HVWXQHDGKpVLQHH[SULPpHFRQVWLWXWLYHPHQWHWFDSDEOHGHIL[HUGLIIpUHQWHV
PDWULFHV H[WUDFHOOXODLUHV /D /%3 SHXW rWUH XWLOLVpH FRPPH DQWLJqQH GH GLDJQRVWLF HW VD
UpDFWLYLWpDYHFGXVpUXPGHSDWLHQWVGH&URKQVRXOqYHGHQRXYHOOHVTXHVWLRQV
'DQV XQH GHX[LqPH SDUWLH GH PD WKqVH M¶DL LVROp XQH DXWUH DGKpVLQH pJDOHPHQW FDSDEOH
G¶LQWHUDJLU DYHF O¶KpSDULQH PDLV DYHF XQH IDLEOH DIILQLWp 3RXU FHWWH DGKpVLQH +%+$ OD
VWUDWpJLH GH SXULILFDWLRQ D pWp HQWLqUHPHQW PRGLILpH -¶DL DLQVL SX LVROHU OD +%+$ VRXV VD
IRUPHQDWLYHjSDUWLUG¶XQHFXOWXUHGH0DSUpDOLVpHHQIHUPHQWHXU&HWWH+%+$LVROpHGHOD
VRXFKHGHUpIpUHQFHSUpVHQWHXQHVpTXHQFHSURWpLTXHSOXVFRXUWHTXHFHOOHGHM. tuberculosis
7% TXL IDLW UpIpUHQFH &HWWH GLIIpUHQFH SRUWH VXU OH GRPDLQH &WHUPLQDO UHVSRQVDEOH GH




HVW G¶DXWDQW SOXV pWRQQDQWH TXH FKH] OHV P\FREDFWpULHV FHWWH DGKpVLQH HVW VWULFWHPHQW
FRQVHUYpHSDUHVSqFH&KH]0DSOD+%+$GHW\SH&HVWFRXUWHDDFRQWUHDDSRXU
FHOOH GH W\SH 6 &HWWH REVHUYDWLRQ D pWp YpULILpH SDU *HQH0DSSHU VXU O¶HQVHPEOH GHV
VRXFKHV JpQRW\SLTXHPHQW GpILQLH GDQV OD FROOHFWLRQ /D GLIIpUHQFH SRUWDQW VXU OD SDUWLH &
WHUPLQDOHGHV+%+$M¶DLFKHUFKpjPHVXUHUOHXUDIILQLWpSRXUO¶KpSDULQH/D+%+$GHW\SH




VRXVHVSqFHparatuberculosis SHXYHQW rWUHGLVWLQJXpVSDU OD WDLOOHGH OHXU+%+$HW G¶DXWUH






Conclusion - perspectives :&HWUDYDLOGHWKqVHDSHUPLVGHFDUDFWpULVHUSRXUODSUHPLqUHIRLV
OHVDGKpVLQHV+%+$HW/%3SURGXLWHVSDU0DS/HSRO\PRUSKLVPHGHFHVDGKpVLQHVUHOLpj
O¶pYROXWLRQ GH O¶HVSqFH DYLXP RXYUH GH QRPEUHXVHV SHUVSHFWLYHV VXU OHXUV U{OHV GDQV OD




Background : Mycobacterium avium VXEVS. paratuberculosis 0DS LVWKHHWLRORJLFDJHQWRI
SDUDWXEHUFXORVLVRU-RKQH¶VGLVHDVHDFKURQLFHQWHULFIDWDOGLVHDVHLQUXPLQDQWV2QO\OLWWOH
GDWDDUHDYDLODEOHIRUWKLVSDWKRJHQWKDWKDVHYROYHGLQWRWZROLQHDJHVFDOOHGW\SH&³&DWWOH´
DQG W\SH 6 ³6KHHS´ :KLOH LW LV FOHDU WKDW WKH VPDOO LQWHVWLQH LV WKH SULPDU\ VLWH RI 0DS
LQIHFWLRQ WKH PROHFXODU PHFKDQLVPV RI LQWHUDFWLRQ HQWU\ DQG GLVVHPLQDWLRQ RI EDFLOOXV
UHPDLQXQNQRZQ
Aim of thesis : ,Q WKLV FRQWH[W P\ WKHVLV SURMHFW ZDV WR LGHQWLI\ DQG FKDUDFWHUL]H 0DS
DGKHVLQV LQYROYHG LQ EDFLOOXV LQWHUDFWLRQ ZLWK KRVW FHOO E\ JHQHWLF DQG ELRFKHPLFDO
DSSURDFKHV
Results : &\WRDGKHUHQFH DVVD\V KDYH VKRZQ WKDW KHSDULQ DQG ODPLQLQ FDQ PRGXODWH 0DS
DGKHVLRQ WR HSLWKHOLDO FHOO VXJJHVWLQJ LQYROYHPHQW RI DGKHVLQV DEOH WR LQWHUDFWZLWKPDWUL[
%DVHGRQWKHVHREVHUYDWLRQV , LVRODWHG/%3DGKHVLQE\KHSDULQ6HSKDRUVHFKURPDWRJUDSK\
7KH /%3 FKDUDFWHUL]DWLRQ VKRZQ  LGHQWLW\ ZLWK RWKHU DGKHVLQV GHVFULEHG RQ
P\FREDFWHULDOVSHFLHV7KLVDGKHVLQFRQVWLWXWLYHO\H[SUHVVHGLVDEOHWRLQWHUDFWZLWKGLIIHUHQW





LVRODWHG IURP$7&& UHIHUHQFH VWUDLQ SUHVHQW DQ DPLQR DFLG VHTXHQFH VKRUWHU WR WKDW RIM. 
tuberculosis7%WKHUHIHUHQFH7KHGLIIHUHQFHZDVORFDWHGLQWKH&WHUPLQDOGRPDLQRIWKH





LV VKRUWHU  DD WR WKDW RI W\SH 6  DD 7KLV REVHUYDWLRQ ZDV VWUHQJWKHQHG E\
*HQH0DSSHUWHFKQRORJ\RQJHQRW\SHGVWUDLQVIURPRXUFROOHFWLRQ
6LQFH WKHVH GLIIHUHQFHV DIIHFW WKH &WHUPLQDO GRPDLQ RI +%+$ UHVSRQVLEOH RI WKH KHSDULQ
ELQGLQJVLWH,H[DPLQHGWKHLUDIILQLWLHVWRKHSDULQ7KHW\SH&+%+$FKURPDWRJUDSKHGRQWR
KHSDULQ6HSKDURVHZDVHOXWHGDWP01D&OZKHUHDVWKHW\SH6+%+$ZDVHOXWHGDW
P0 1D&O %LDFRUH DQDO\VHV KDYH FRQILUPHG PRUH SUHFLVHO\ WKDW DIILQLW\ ELQGLQJ RI WKH








Conclusion - outlooks : ,Q WKLV SURMHFW ZH KDYH FKDUDFWHUL]HG IRU WKH ILUVW WLPH DGKHVLQV
+%+$ DQG /%3 H[SUHVVHG E\ 0DS 6SHFLILF SRO\PRUSKLVP KLJKOLJKWHG UHODWHG WR WKH
HYROXWLRQ RI WKH VSHFLHV avium RSHQV ODUJH QXPEHU TXHVWLRQV RQ WKHLU UROH RQ WKH
SDWKRJHQHVLV RI 0DS LQFOXGLQJ WKH FHOOXODU WURSLVP KRVW SUHIHUHQFH RU LQWHUHVW RI WKHVH
DQWLJHQVWRLPSURYHGLDJQRVWLF
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9,,, /DPDODGLHGH&URKQ±M. a. paratuberculosisWUDQVPLVVLEOHjO¶KRPPH" 
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)LJXUH   $EVHQFH GH SRO\PRUSKLVPH HQWUH OHV JqQHV hbha HW lbp GHV GLIIpUHQWV LVRODWV
FOLQLTXHVGHM. intracellulare 
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LISTE DES ABREVIATIONS  
aa ±DFLGHDPLQp
ACERSA ± $VVRFLDWLRQ GH &HUWLILFDWLRQ
HQ6DQWp$QLPDOH
ADN ±$FLGH'HVR[\ULER1XFOpLTXH
AFM ±Atomic Force Microscopy
AH±$FLGHK\DOXURQLTXH
ARN±$FLGH5LER1XFOpLTXH




CBD ±Cell Binding Domain
CFP10±Culture Filtrate Protein
CMH ± &RPSOH[H 0DMHXU G

+LVWRFRPSDWLELOLWp
CPAg – &HOOXOHV SUpVHQWDWULFHV
G¶DQWLJqQHV
CS±&KRQGURLWLQH6XOIDWH
DC-SIGN ± Dendritic Cell Specific 
Intracellular adhesion molecule 3 
Grabbing non Integrin 
DS±'HUPDWDQH6XOIDWH
ELISA±Enzyme-Linked Immuno Sorbent 
Assay 
ESAT6 ±Early Secreted Antigenic Target











IBD ±Inflammatory Bowel Disease













LDL– Low Density Lipoprotein
LM±/LSR0DQQDQH
LOS±/LSR2OLJR6DFFKDULGH
LSP ±Large Sequence Polymorphism 
LT±/\PSKRF\WH7









MICI ± 0DODGLHV ,QIODPPDWRLUHV
&KURQLTXHVGHO¶,QWHVWLQ
Mincle ± Marophage Inducible C-type 
Lectin 
MIRU-VNTR ± Mycobacterial 
Interspersed Repetitive Units – Variable 
Number Tandem Repeat
MLSA±MultiLocus Sequencing Analysis
MMP±Major Membrane Protein 
MNT±0\FREDFWpULH1RQ7XEHUFXOHXVH
MOTT ± Mycobacteria Other Than 
Tuberculosis 
MR±Mannose Receptor








PFGE ± Pulsed Field Gel Electrophoresis
PPDj±Purified Protein Derivative Johnin
RDA ± Representational Difference 
Analysis
RFLP ± Restriction Fragment Length 
Polymorphism
RGD ± $UJLQLQH *O\FLQH $FLGH
$VSDUWLTXH
RIMC ± 5pSRQVH ,PPXQLWDLUH j
0pGLDWLRQ&HOOXODLUH
RIMH ± 5pSRQVH ,PPXQLWDLUH j
0pGLDWLRQ+XPRUDOH






SPR ±Surface Plasmon Resonance 
SSR ± Simple Sequence Repeats
TLRs±Toll Like Receptors

















 OHV 'RFWHXUV +DQVHQ HW 1LHOVHQ ORUV GH O¶DXWRSVLH GH ERYLQVPRUWV GDQV OHVPrPHV
FRQGLWLRQVVRQWOHVSUHPLHUVjREVHUYHUXQpSDLVVLVVHPHQWDQRUPDOGHODPXTXHXVHLQWHVWLQDOH
VHFDUDFWpULVDQWSDUXQDVSHFWJUDQXORPDWHX[
&H Q¶HVW TX¶HQ  TXH OD SUHPLqUH GHVFULSWLRQ ©RIILFLHOOHª GH OD SDUDWXEHUFXORVH D pWp
UpDOLVpH(QXQpOHYHXUDOOHPDQGGpFLGDG¶HQYR\HUGHVWLVVXVG¶XQHGHVHVYDFKHVPRUWH
G¶XQH GLDUUKpH FDFKHFWLVDQWH DX[ 'RFWHXUV +HLQULFK $OEHUW -RKQH )LJXUH HW /DQJGRQ
)URWKLQJKDP,OVREVHUYqUHQWHX[DXVVLFHWDVSHFWJUDQXORPDWHX[GHO¶LQWHVWLQDFFRPSDJQpGH
JRQIOHPHQWV GHV JDQJOLRQV O\PSKDWLTXHV -RKQH 	 )URWKLQJKDP  *UkFH j OD
FRORUDWLRQ GH =LHKO1HHOVHQ LOV UHPDUTXqUHQW OD SUpVHQFH GH QRPEUHX[ %DFLOOHV $FLGR
$OFRROR 5pVLVWDQWV %$$5 VXVSHFWDQW O¶LPSOLFDWLRQ GX EDFLOOH GH OD WXEHUFXORVH DYLDLUH







GHX[ SDWKRORJLHV ,O HVVD\D YDLQHPHQW GH UHSURGXLUH O¶LQIHFWLRQ FKH] GHV RLVHDX[ HQ OHXU
LQRFXODQWGHVEDFLOOHVSURYHQDQWGHPDWLqUHVIpFDOHVGHERYLQVLQIHFWpVHWSURSRVDGHQRPPHU











/RUVGHODSXEOLFDWLRQGX©Manual of Systematic Bacteriology ªGH%HUJH\HQO¶DJHQW
FDXVDOGHODPDODGLHGH-RKQHDpWpRIILFLHOOHPHQWQRPPpMycobacterium paratuberculosis
3XLV HQ  7KRUHO et al RQW VpOHFWLRQQp  WHVWV GLVFULPLQDQWV EDVpV VXU O¶DVSHFW GHV
FRORQLHVOHVFRQGLWLRQVGHFURLVVDQFHOHVDFWLYLWpVHQ]\PDWLTXHV«FHTXLSHUPLWG¶LGHQWLILHU
OHEDFLOOHFRPPHpWDQWXQHVRXVHVSqFHGHO¶HVSqFH avium,OVRQWDORUVSURSRVpGHUHQRPPHU




/D SDUDWXEHUFXORVH HVW XQH HQWpULWH FKURQLTXH JUDQXORPDWHXVH FRQWDJLHXVH HW LQIHFWLHXVH
FDUDFWpULVpH DX VWDGH FOLQLTXH DYDQFp SDU GHV GLDUUKpHV VpYqUHV XQH DQpPLH XQ
DPDLJULVVHPHQWSURQRQFpVXLYLG¶XQDIIDLEOLVVHPHQWJpQpUDOGHO¶RUJDQLVPHHQWUDvQDQWODPRUW
GH O¶DQLPDO /D SK\VLRSDWKRORJLH GH OD SDUDWXEHUFXORVH ERYLQH RYLQH HW FDSULQH HVW WUqV
VLPLODLUH&HSHQGDQWSRXU ODSDUDWXEHUFXORVHRYLQHHW FDSULQH RQQRWHTXHOTXHVGLIIpUHQFHV
QRWDPPHQWO¶DEVHQFHGHWURXEOHVGLJHVWLIVHWXQHpYROXWLRQSOXVUDSLGHGHODPDODGLH
$SUqVLQJHVWLRQSDUYRLHRUDOHOHEDFLOOHDUULYHGDQVO¶LQWHVWLQJUrOHDXQLYHDXGHVSODTXHVGH
3H\HUGX MpMXQXPHWGH O¶LOpRQ/HEDFLOOHYD WUDYHUVHU ODEDUULqUH LQWHVWLQDOHSDU WUDQVF\WRVH
,QWURGXFWLRQ&KDSLWUH

SULQFLSDOHPHQW YLD OHV FHOOXOHV 0 GHV G{PHV VXEpSLWKpOLDX[ PDLV pJDOHPHQW SDU
O¶LQWHUPpGLDLUH GHV HQWpURF\WHV 0RPRWDQL  6DQJDUL   6FKOHLJ  
6LJXRDUGRWWLU   %HUPXGH]  /HV FHOOXOHV 0 VRQW GpSRXUYXHV GH YLOORVLWpV












/¶DSSDULWLRQ GH FHV JUDQXORPHV DX QLYHDX GHV SODTXHV GH 3H\HU FRUUHVSRQG j OD IRUPH





FRUUHVSRQG j OD IRUPH PXOWLEDFLOODLUH GLWH OpSURPDWHXVH GH OD PDODGLH R O¶RUJDQLVPH QH
















paratuberculosis /HV DQLPDX[ LQIHFWpV H[FUqWHQW GDQV OH PLOLHX H[WpULHXU VHORQ OH VWDGH
pYROXWLIGHODPDODGLHHQWUHPLOOLRQVHWPLOOLDUGVGHJHUPHVSDUMRXU9LDODUGFH
TXLFUpHXQHSROOXWLRQHQYLURQQHPHQWDOH LPSRUWDQWH IDYRUDEOHj ODFRQWDPLQDWLRQGHVYHDX[
%HUJKDXV   3LOODUV (QHIIHWM. a. paratuberculosis SHUVLWH HW VXUYLW GDQV
O¶HQYLURQQHPHQWSOXVG¶XQHDQQpHVDQVV¶\PXOWLSOLHU/¶DJHQWSDWKRJqQHHVWUHWURXYpMXVTX¶j
 VHPDLQHVGDQV O¶HDX VWDJQDQWHSOXVGH VHPDLQHVGDQV OH IXPLHU HW O¶KHUEHYRLUHSOXV
G¶XQH DQQpH GDQV OHVPDWLqUHV IpFDOHV 9LDODUG   :KLWWLQJWRQ  6DOJDGR

'DQVODOLWWpUDWXUHYRLHVGHFRQWDPLQDWLRQRQWpWpPLVHVHQpYLGHQFHODYRLHRURIpFDOHOD
YRLH SVHXGRYHUWLFDOH HW OD YRLH YHUWLFDOH in utero /D YRLH RURIpFDOH SULQFLSDO PRGH GH
WUDQVPLVVLRQ GH OD SDUDWXEHUFXORVH HVW XQH PpWKRGH GH WUDQVPLVVLRQ LQGLUHFWH /HV MHXQHV
ERYLQV VH FRQWDPLQHQW SDU O¶LQWHUPpGLDLUH GH O¶HQYLURQQHPHQW GH O¶DOLPHQWDWLRQ HWRX GHV
VWUXFWXUHVDJULFROHVVRXLOOpHVSDUGHVPDWLqUHVIpFDOHVFRQWDPLQpHVER[GHYrODJHSODQFKHUGH
ODFWDWLRQGLVWULEXWLRQGHO¶HDXRXGHODQRXUULWXUHK\JLqQHGHVORFDX[«/DGHX[LqPHYRLH
GH WUDQVPLVVLRQ GpFULWH HVW XQH YRLH SVHXGRYHUWLFDOH F
HVWjGLUH YLD OHV VpFUpWLRQV
,QWURGXFWLRQ&KDSLWUH

PDPPDLUHV (Q HIIHW OD SUpVHQFH GHM. a. paratuberculosis HVW GpWHFWpH GDQV OH ODLW HW OH
FRORVWUXP GDQV  j  GHV pFKDQWLOORQV VHORQ OH VWDWXW GH O¶DQLPDO H[FUpWHXU
DV\PSWRPDWLTXH RX FOLQLTXH (QILQ OD YRLH GH FRQWDPLQDWLRQ YHUWLFDOH GLWH in utero HVW OD
WURLVLqPH YRLH SRVVLEOH 'XUDQW O¶LQIHFWLRQ GHV SKDVHV GH EDFWpULpPLH SHXYHQW DSSDUDvWUH
LQIHFWDQWOHI°WXVGDQVjGHVFDVVHORQOHVWDGHLQIHFWLHX['HSOXVLODpWpPRQWUpTXH
M. a. paratuberculosisHVWSUpVHQWGDQVOHVIOXLGHVXWpULQVHWSODFHQWDLUHVPDLVpJDOHPHQWGDQV






8QH UpFHQWHPpWDDQDO\VH DPLV HQ pYLGHQFH XQH FRUUpODWLRQ HQWUH O¶kJH GHV DQLPDX[ HW OD
VHQVLELOLWpj O¶LQIHFWLRQ/HV MHXQHVERYLQVVRQW OHVSOXV WRXFKpVSDU ODSDUDWXEHUFXORVHDYHF
GHFDVG¶LQIHFWLRQFKH]OHVDQLPDX[kJpVGHPRLQVGHPRLVVXLYLGHVYHDX[kJpVGHj
 PRLV DYHF  HW GHV DQLPDX[ kJpV GH SOXV GH  PRLV DYHF XQ SHX PRLQV GH 
:LQGVRU  /HV FRQGLWLRQV LPPXQLWDLUH HW SK\VLRORJLTXH GHV QRXYHDX[QpV HW FH
MXVTX¶jO¶kJHGHPRLVVRQWHQSDUWLHUHVSRQVDEOHVGHOHXUFRQWDPLQDWLRQ(QHIIHWLOVRQW
DXQLYHDXGXWXEHGLJHVWLIXQV\VWqPHLPPXQLWDLUHLPPDWXUHSUpVHQFHG¶XQHSODTXHGH3H\HU




/D JpQpWLTXH GH O¶DQLPDO HVW pJDOHPHQW XQ pOpPHQW LPSRUWDQW GDQV OD VHQVLELOLWp j OD
SDUDWXEHUFXORVH PDLV OHV pWXGHV VXU FH VXMHW VRQW SHX QRPEUHXVHV ,O D QpDQPRLQV pWp
UHPDUTXp VXU OH WHUUDLQ TXH FHUWDLQV JpQRW\SHV GH ERYLQV VRQW SOXV RX PRLQV UpVLVWDQWV j
O¶LQIHFWLRQ /HV YDFKHV ODLWLqUHV +ROVWHLQ HW 1RUPDQGH RX DOODLWDQWHV /LPRXVLQH %ORQGH
G¶$TXLWDLQHVHPEOHQWrWUHOHVUDFHVOHVSOXVVHQVLEOHV
'¶DXWUHV IDFWHXUV GH ULVTXH OLpV SOXW{W j OD FRQGXLWH G¶pOHYDJH RX j O¶pWDW SK\VLRORJLTXH GH
O¶DQLPDOVRQWjSUHQGUHHQFRPSWH'DQVOHVWURXSHDX[ODLWLHUVODFRQGXLWHG¶pOHYDJHSHUPHW
G¶pYLWHUODFRQWDPLQDWLRQGHVYHDX[GDQVODSpULRGHODSOXVFULWLTXHFDULOVVRQWVpSDUpVGHOHXU
PqUH GqV OD QDLVVDQFH FRQWUDLUHPHQW DX[ pOHYDJHV DOODLWDQWV R ODPDUJH GHPDQ°XYUH HVW
SOXV UpGXLWH 'H SOXV OD ODFWDWLRQ OD JHVWDWLRQ XQH FDUHQFH DOLPHQWDLUH OH VWUHVV G DX
FKDQJHPHQW G¶H[SORLWDWLRQ RX HQFRUH XQH FRLQIHFWLRQ DYHF XQ DXWUH SDWKRJqQH SHXYHQW
LQIOXHQFHUOHSDVVDJHGHO¶DQLPDOHQSKDVHFOLQLTXH9LDODUG

,, +{WHVGHM. a. paratuberculosis
M. a. paratuberculosis HVW FDSDEOH G¶LQIHFWHU GH QRPEUHXVHV HVSqFHV DQLPDOHV DXVVL ELHQ
GRPHVWLTXHVTXHVDXYDJHV/HV DQLPDX[ OHVSOXVFRPPXQpPHQW LQIHFWpV VRQW OHV UXPLQDQWV
GRPHVWLTXHVWHOVTXHOHVERYLQVOHVRYLQVHWOHVFDSULQV&HSHQGDQWODSDUDWXEHUFXORVHDQRQ
VHXOHPHQW pWp GpFULWH FKH] GHV UXPLQDQWV VDXYDJHV FHUI pODQ DQWLORSH HW ELVRQ PDLV
pJDOHPHQW FKH] GHV HVSqFHV QRQUXPLQDQWHV GH OD IDXQH VDXYDJH ODSLQ UHQDUG EODLUHDX












O¶LQIHFWLRQ 3DU FRQVpTXHQW FHWWH SpULRGH DV\PSWRPDWLTXH HVW FRPSDUDEOH j OD SDUWLH
LPPHUJpH GH O¶LFHEHUJ HW UHSUpVHQWH XQ JUDQG GDQJHU TXL SDVVH LQDSHUoX DX[ \HX[ GHV
pOHYHXUV 2Q \ WURXYH  j  GHV DQLPDX[ LQIHFWpV TXL DSUqV XQH ORQJXH SpULRGH
G¶LQFXEDWLRQDQVPLQLPXPYRQWRXQRQGpYHORSSHUODIRUPHFOLQLTXHGHODPDODGLH/HV
VWDGHV ,, HW ,,, VRQW UHSUpVHQWpV SDU GHV DQLPDX[ DGXOWHV TXL H[FUqWHQW GHV TXDQWLWpV GH
EDFWpULHVSOXVRXPRLQVIRUWHVD\DQWSOXW{WXQLPSDFWVXUODWUDQVPLVVLRQGHODPDODGLHYLDOD
FRQWDPLQDWLRQ HQYLURQQHPHQWDOH 'H SOXV DX VWDGH ,,, OHV VLJQHV FOLQLTXHV GHYLHQQHQW
SURJUHVVLYHPHQWYLVLEOHVHWRQREVHUYHXQHGLPLQXWLRQGHODSURGXFWLRQGHODLWXQHSHUWHGH
SRLGV HW O¶DSSDULWLRQ GH GLDUUKpHV LQWHUPLWWHQWHV TXL V¶LQWHQVLILHQW HW GHYLHQQHQW
SURJUHVVLYHPHQW FRQWLQXHV 3XLV OHV DQLPDX[ HQWUHQW HQ SKDVH FOLQLTXH DYDQFpH VWDGH ,9
UHSUpVHQWpHSDU ODSDUWLHpPHUJpHGH O¶LFHEHUJTXLFRUUHVSRQGj O¶LQILPHSDUWLHGHVDQLPDX[
LQIHFWpV GpWHFWDEOHV SDU OHV PpWKRGHV GH GLDJQRVWLF  /¶pWDW JpQpUDO GH O¶DQLPDO VH









©VXSHU H[FUpWHXUVª HQ IRQFWLRQ GH OD TXDQWLWp GHM. a. paratuberculosis GpWHFWpH GDQV 
JUDPPH GH IqFHV 2Q GLVWLQJXH TXDWUH VWDWXWV PDMHXUV GDQV OD SDUDWXEHUFXORVH OHV IDLEOHV
H[FUpWHXUV8)&OHVPR\HQVH[FUpWHXUV8)&!HWOHVIRUWVH[FUpWHXUV8)&
!HW OHV©VXSHUH[FUpWHXUVªFDUDFWpULVpVSDU ODSUpVHQFHGHSOXVGHJHUPHVSDU
JUDPPH GH IqFHV :KLWORFN  &URVVOH\ 'DQV OH FDV GHV DQLPDX[ © VXSHU




©IRUWVH[FUpWHXUVª )HFWHDX'HSOXV ODGRVHPLQLPDOH LQIHFWDQWHFKH] OHV MHXQHV
ERYLQVHVWHVWLPpHjEDFWpULHVjH[SpULPHQWDOHPHQWFHTXLHVWYUDLPHQWIDLEOH
FRPSDUpH j OD TXDQWLWp GH EDFWpULHV H[FUpWpHV SDU OHV DQLPDX[ © VXSHU H[FUpWHXUV ª &¶HVW
SRXUTXRL FHV DQLPDX[FRQVWLWXHQWXQHPHQDFH LPSRUWDQWHTXDQW j O¶LQIHFWLRQGHV WURXSHDX[
%HJJ
La paratuberculose est une inflammation chronique intestinale qui se transmet aux jeunes 
bovins principalement par voie oro-fécale. M. a. paratuberculosis présente un large spectre 
d’hôte qui comprend les ruminants domestiques mais également la faune sauvage ce qui 
rend difficile les études épidémiologiques et le contrôle de cette pathologie. Certains 
facteurs de susceptibilité ont été mis en évidence tels que l’âge, la race ou l’état 
physiologique des animaux. Le problème majeur aujourd’hui est le manque d’une méthode 





G¶DQWLJqQHV &3$J DFWLYpHV YRQW G¶XQH SDUW SUpVHQWHU O¶DQWLJqQH DX[ /7 QDwIV YLD OH
FRPSOH[H PDMHXU G¶KLVWRFRPSDWLELOLWp &0+,  &' HW &0+,,  &' HW G¶DXWUH SDUW
SURGXLUH XQ SDQHO GH F\WRNLQHV TXL YD FRQGXLUH GDQV OH JDQJOLRQ j O¶pGXFDWLRQ HW OD
,QWURGXFWLRQ&KDSLWUH

GLIIpUHQFLDWLRQ GHV/7QDwIV&' HW&' /HV/7&'QDwIV YRQW H[HUFHU XQH DFWLYLWp







/RUV GX VWDGH SDXFLEDFLOODLUH SKDVH SUpFRFH RQ REVHUYH PDMRULWDLUHPHQW OD VpFUpWLRQ GH
O¶,)1ȖDORUVTXHGDQV OH VWDGHPXOWLEDFLOODLUH O¶,/HVW UHWURXYpHHQDERQGDQFH&HVGHX[
F\WRNLQHV ,)1Ȗ HW O¶,/ VRQW FDSDEOHV G¶LQKLEHU UHVSHFWLYHPHQW OD UpSRQVH 7K HW 7K
6WDEHO&RXVVHQV5pFHPPHQW LODpWpGpFULWGDQVOHPRGqOHRYLQTXHOD
SURGXFWLRQG¶,/PDUTXHXUGHODUpSRQVH7KDLQVLTXHO¶DXJPHQWDWLRQGHV/\PSKRF\WHV
% /% GDQV OH VDQJ HW OHV JDQJOLRQV O\PSKDWLTXHV VRQW REVHUYpHV UDSLGHPHQW DSUqV
LQRFXODWLRQGHVDQLPDX[SDUM. a. paratuberculosis&HVUpVXOWDWVVXJJqUHQWTX¶LOQ¶\DXUDLW
SDV GH © VZLWFK ª HQWUH OD UpSRQVH 7K HW 7K PDLV XQH GpUpJXODWLRQ GH OD UpSRQVH
LPPXQLWDLUHDXFRXUWGXWHPSV/DUpSRQVH,)1ȖPDUTXHXUGHODUpSRQVH7KV¶DIIDLEOLUDLW





,9 ,PSDFW HQ VDQWp DQLPDOH ± 4XHOOH HVW OD SUpYDOHQFH
DFWXHOOH"
'H QRPEUHXVHV pWXGHV GH SUpYDOHQFH VRQW FRQGXLWHV DXMRXUG¶KXL DILQ G¶HVWLPHU DX PLHX[
O¶DPSOHXU GH OD SDUDWXEHUFXORVH TXL QH FHVVH GH SURJUHVVHU /HV GRQQpHV GLVSRQLEOHV




VLqFOH HQ (XURSH OD SDUDWXEHUFXORVH Q¶D FHVVp GH VH SURSDJHU WRXFKDQW DXMRXUG¶KXL OHV 
FRQWLQHQWVHWSOXVSDUWLFXOLqUHPHQWO¶$PpULTXHGX1RUGO¶(XURSHHWO¶$XVWUDOLHTXLSUDWLTXHQW



















GRQQpHV RQW pWp SXEOLpHV (Q 6XLVVH HW HQ (VSDJQH OD SUpYDOHQFH HVW VXSpULHXUH j 
1LHOVHQHWHQ)UDQFHSURFKHGH0HUFLHU(Q$XVWUDOLHODSUpYDOHQFH
HVW HQPR\HQQH GH  HW ORFDOLVpH j O¶(VW GX SD\V .HQQHG\ 'DQV OHV UpJLRQV
LQIHFWpHV OD UpSDUWLWLRQ GH OD SDUDWXEHUFXORVH HVW LUUpJXOLqUH HW SUpIpUHQWLHOOHPHQW OLpH DX[
FRQGLWLRQVHQYLURQQHPHQWDOHVGHVWHUUDLQVSDXYUHVHWKXPLGHVFDUHQFpVHQFDOFLXPHWULFKHV
HQ IHU TXL IDYRULVHQW OD VXUYLH GX JHUPH HW DXJPHQWHQW OD UpFHSWLYLWp GHV DQLPDX[ 6L OD
SDUDWXEHUFXORVH HVW j O¶pYLGHQFH OD PDODGLH GHV UXPLQDQWV GRPHVWLTXHV ERYLQV RYLQV HW
FDSULQV HOOH HVW pJDOHPHQW UHWURXYpH GDQV OD IDXQH VDXYDJH MRXDQW XQ U{OH LPSRUWDQW GDQV
O¶pSLGpPLRORJLHHW ODGLVVpPLQDWLRQGH ODPDODGLH 7KRUHO'HQRPEUHX[FDVFKH]
OHV FHUIV VDXYDJHV HW G¶pOHYDJH RQW pWp UDSSRUWpV QRWDPPHQW HQ (XURSH 3DYOLN 
%RDOHUG3LHWHUVHPDLVpJDOHPHQWHQ1RXYHOOH=pODQGH1XJHQW
HWDX[eWDWV8QLV6KXODZ
La paratuberculose est classée dans l’importance des maladies des ruminants en 1ère place 
en Amérique du Nord et au 8ème rang en Europe. La paratuberculose est une pathologie 
dont la prévalence ne cesse de progresser malgré les programmes de maîtrise et de contrôle 
mis en place par de nombreux pays. Cette pathologie reste aujourd’hui une préoccupation 
majeure en santé animale.  
9 &RQVpTXHQFHVpFRQRPLTXHV
'HSXLV  OD SDUDWXEHUFXORVH HVW FRQVLGpUpH SDU O¶RUJDQLVDWLRQ PRQGLDOH GH OD VDQWp
DQLPDOH FRPPH ©LPSRUWDQWH GX SRLQW GH YXH VRFLRpFRQRPLTXH HWRX VDQLWDLUH DX QLYHDX
QDWLRQDOHWGRQWOHVHIIHWVVXUOHFRPPHUFHLQWHUQDWLRQDOGHVDQLPDX[HWGHVSURGXLWVG¶RULJLQH
DQLPDOHQ¶HVWSDVQpJOLJHDEOHª/¶HVWLPDWLRQGHVSHUWHVpFRQRPLTXHVWLHQWFRPSWHGHVHIIHWV
GLUHFWV GH OD SDUDWXEHUFXORVH VXU OD SURGXFWLYLWp G¶pOHYDJH WHOV TXH OD GLPLQXWLRQ GH OD
SURGXFWLRQODLWLqUHHWGHODIHUWLOLWpOHUHWDUGGHFURLVVDQFHODIRQWHGHODPDVVHPXVFXODLUHHW




UHSURGXFWHXUV GH VHPHQFHRXG¶HPEU\RQV /HERHXI  ,O IDXW pJDOHPHQWSUHQGUH HQ
FRPSWHOHFRWGHVSURJUDPPHVGHPDvWULVHHWGHFRQWU{OHGHODSDUDWXEHUFXORVHPLVHQSODFH
SDU OHV SD\V FRQFHUQDQW OH GLDJQRVWLF OD YDFFLQDWLRQ HW O¶DEDWWDJH SUpFRFH GHV DQLPDX[




Les pays industriels n’hésitent pas à investir dans des programmes de recherche et de 
contrôle pour lutter contre la paratuberculose mais l’incapacité à maîtriser cette pathologie 




SODQVGH OXWWHFRQWUH ODSDUDWXEHUFXORVH/HGLDJQRVWLFVH IDLWVRLWSDUGHVPpWKRGHVGLUHFWHV
FRORUDWLRQ =LHKO1HHOVHQ FXOWXUH RX 3&5 TXL SHUPHWWHQW GH GpWHFWHU O¶DJHQW M. a. 











PHWWUH HQ pYLGHQFH O¶LQIHFWLRQSUpFRFH&RQWUDLUHPHQW j OD FRORUDWLRQGH=LHKO1HHOVHQTXL
GpWHFWHWRXVOHV%$$5OD3&5SHUPHWXQHLGHQWLILFDWLRQVSpFLILTXHGHM. a. paratuberculosis
YLD OD VpTXHQFH G¶LQVHUWLRQ  ,6 PDLV QH GLVWLQJXH SDV VL O¶$'1 EDFWpULHQ GpWHFWp
SURYLHQWG¶XQHEDFWpULHPRUWHRXYLYDQWH
*pQpUDOHPHQWODPLVHHQFXOWXUHGHVSUpOqYHPHQWVVHIDLWHQSDUDOOqOHPDLVODFURLVVDQFHGH
M. a. paratuberculosis HVW H[WUrPHPHQW OHQWH HQWUH  HW  VHPDLQHV (OOH HVW
PDMRULWDLUHPHQWUpDOLVpHjSDUWLUGHIqFHVFRSURFXOWXUHPDLVSHXWpJDOHPHQWVHIDLUHjSDUWLU
GHWLVVXVG¶DQLPDX[LQIHFWpVFRPPHO¶LQWHVWLQOHIRLHRXHQFRUHOHVJDQJOLRQVO\PSKDWLTXHV
/RUVGH ODSKDVHFOLQLTXHGH ODSDUDWXEHUFXORVH OHVDQWLFRUSVSUpVHQWVSHXYHQWrWUHGpWHFWpV
SDU OD PpWKRGH (/,6$ TXL HVW XQH PpWKRGH ILDEOH UDSLGH TXDQWLWDWLYH HW SOXV RX PRLQV







































































VSpFLILTXH TXL XWLOLVH FRPPH DQWLJqQH OH ©Purified Protein Derivative of Johninª 33'M
9LDODUG7LPPV
/HVWHVWV©Interferon Gamma Release Assaysª,*5$VSHUPHWWHQWGHGpWHFWHUODSURGXFWLRQ




HQVHPEOHG¶DQWLJqQHVSHXVSpFLILTXHSURYHQDQWGHM. a. paratuberculosis&H WHVWQ¶HVWSDV
HQFRUHXWLOLVpHQURXWLQHSRXUOHGLDJQRVWLFGHODSDUDWXEHUFXORVHFDULOPDQTXHGHVSpFLILFLWp
PDLVVXVFLWHXQJUDQGLQWpUrWSRXUO¶DPpOLRUDWLRQGHVPpWKRGHVGHGLDJQRVWLF






O¶$'1 GH M. a. paratuberculosis GpWHFWp SURYLHQW G¶XQH EDFWpULH PRUWH RX YLYDQWH
.DZDML9HLOORQ9DVDOOR
9,3ODQVGHPDvWULVH





6DQLWDLUH *'6 HW OD 6RFLpWp 1DWLRQDOH *URXSHPHQWV 7HFKQLTXHV 9pWpULQDLUHV 61*79
)LJXUH(QUHYDQFKHLOQ¶H[LVWHTXHGHVDFWLRQVORFDOHVSRXUOHVSHWLWVUXPLQDQWV/HVSODQV












3DUDVHF 'H QRPEUHX[ SD\V G¶(XURSH G¶$PpULTXH HW G¶2FpDQLH XWLOLVHQW OD YDFFLQDWLRQ
SRXU FRQWU{OHU ODPDODGLH /D YDFFLQDWLRQ QH SUpYLHQW SDV O¶LQIHFWLRQPDLV GLPLQXH OH WDX[
G¶DWWHLQWHVFOLQLTXHVHWGLPLQXHO¶H[FUpWLRQEDFLOODLUH(QHIIHWODJUDQGHPDMRULWpGHVpWXGHV
PHQpHV VXU OD YDFFLQDWLRQ UDSSRUWHQW GHV HIIHWV EpQpILTXHV VXU OHV SURGXFWLRQV ODLWLqUHV
O¶pSLGpPLRORJLHHWODSDWKRJpQqVHREVHUYpVVXUGHVERYLQVGHVRYLQVHWGHVFDSULQV%DVWLGD
'HX[ LQFRQYpQLHQWVPDMHXUV j OD YDFFLQDWLRQRQW pWpPLV HQ pYLGHQFH  OHV DQLPDX[
YDFFLQpVUpSRQGHQWSRVLWLYHPHQWDX[WHVWVGHGLDJQRVWLFVpURORJLTXHGHODSDUDWXEHUFXORVHHW
LQWHUIqUHQW pJDOHPHQW GDQV OHV WHVWV GH GLDJQRVWLF GH OD WXEHUFXORVH ERYLQH PDODGLH j
GpFODUDWLRQREOLJDWRLUH7KRUHO3DUFRQVpTXHQWHQ)UDQFHODIDEULFDWLRQGXYDFFLQ






UHQG GLIILFLOH O¶DFWLRQ GHV DQWLELRWLTXHV /HV FRQWUDLQWHV HQJHQGUpHV SDU OHV WUDLWHPHQWV VRQW




SDV G¶pOLPLQHU FRPSOqWHPHQW OD SUpVHQFH GHM. a. paratuberculosis SRXYDQW SURYRTXHU GHV
UpVLVWDQFHVHWGHVUHFKXWHVjORQJWHUPH/HVDQLPDX[FRQWDPLQpVHWWUDLWpVGRLYHQWrWUHPLVj
O¶pFDUWSHQGDQWODGXUpHGXWUDLWHPHQWSRXUpYLWHUGHFRQWDPLQHUOHFKHSWHOFHTXLHQWUDvQHHQ
SOXV GHV LQFRQYpQLHQWV ORJLVWLTXHV 3DU FRQVpTXHQW LO HVW pFRQRPLTXHPHQW SOXV LQWpUHVVDQW
SRXU OHV pOHYHXUV GH UpIRUPHU OHXUV DQLPDX[ SOXW{W TXH GH OHXU GRQQHU XQ WUDLWHPHQW
DQWLELRWLTXH 1pDQPRLQV FHUWDLQV DQWLELRWLTXHV WHOV TXH O¶LVRQLD]LGH OD FORID]LPLQH HW OD
ULIDPSLFLQH SHXYHQW rWUH DSSOLTXpV SRXU GHV DQLPDX[ GH KDXWH YDOHXU JpQpWLTXH RX GHV
DQLPDX[ GRPHVWLTXpV 6W-HDQ  &RFLWR   *UHHQVWHLQ  )HFWHDX

Les outils actuellement disponibles ne permettent pas de lutter efficacement contre la 
paratuberculose. C’est pourquoi la plupart des programmes de recherche sont focalisés sur 
la prévention de l’infection à M. a. paratuberculosis par le développement de nouveaux 
vaccins et de tests diagnostiques efficaces. C’est le cas du projet européen « 
mycobactdiagnosis », auquel nous participons, qui vise à identifier de nouveaux antigènes 
spécifiques de M. a. paratuberculosis pour la détection de la phase précoce de l’infection.
9,,, /D PDODGLH GH &URKQ ± M. a. paratuberculosis
WUDQVPLVVLEOHjO¶KRPPH"
/HV SUHPLqUHV GHVFULSWLRQV GH OD PDODGLH GH &URKQ RQW pWp UpDOLVpHV SDU 'DO]LHO HQ 
'DO]LHO  SXLV SDU &URKQ HQ &URKQ  /D PDODGLH GH &URKQ HVW XQH
SDWKRORJLH TXL WRXFKH HVVHQWLHOOHPHQW OHV MHXQHV SHUVRQQHV a  DQV PDLV pJDOHPHQW OHV
HQIDQWV&¶HVWXQHPDODGLHFKURQLTXHpYROXWLYHWUqVLQYDOLGDQWHDYHFGHVSKDVHVG¶DFWLYLWpHW
GHUHPLVVLRQSOXVRXPRLQVORQJXHV&¶HVWXQHSDWKRORJLHG¶RULJLQHPXOWLIDFWRULHOOHTXLPHW
HQ MHX GHV pYpQHPHQWV JpQpWLTXHV LPPXQLWDLUHV LQIHFWLHX[ HW HQYLURQQHPHQWDX[ (OOH IDLW
SDUWLH GHV 0DODGLHV ,QIODPPDWRLUHV &KURQLTXHV GH O¶,QWHVWLQ 0,&, HW HVW ORFDOLVpH
HVVHQWLHOOHPHQWGDQVO¶LOpRQOHMpMXQXPHWOHFRORQPDLVSHXWV¶pWHQGUHGHODERXFKHjO¶DQXV









0rPH VLM. a. paratuberculosis Q¶HVW SDV O¶DJHQW pWLRORJLTXH GH OD PDODGLH GH &URKQ VD
SUpVHQFH UHVWH j H[SOLTXHU ORUVTX¶LO HVW SUpVHQW FKH] FHUWDLQ SDWLHQWV &KDFRQ  
1DF\&HUWDLQVV\PSW{PHVHWOpVLRQVJDVWURLQWHVWLQDOHVFDXVpVFKH]OHVDQLPDX[SDU
Map VRQW VLPLODLUHV GH FHOOHV REVHUYpHV FKH] OHV SDWLHQWV GH &URKQ /D SUpVHQFH GHM. a. 
paratuberculosisDpWpGpPRQWUpHYLD ODGpWHFWLRQGH O¶$'1RXG¶DQWLFRUSV (QUHYDQFKH LO
HVWGLIILFLOHGHO¶LGHQWLILHUin situHWSHXG¶pWXGHVGpFULYHQWO¶LVROHPHQWGHODEDFWpULHjSDUWLU
GH OpVLRQV GH SDWLHQWV DWWHLQWV GH OD PDODGLH GH &URKQ &KLRGLQL  %HKU 
-XVWH$EXEDNDU0HQGR]D%LHW0RPRWDQL
Selon le rapport de l’AcadémieAméricaine de Microbiologie, il est clairement démontré 
que M. a. paratuberculosis peut être présent dans certaines formes de la maladie de Crohn 
(171Nacy, 2008). La question aujourd’hui est de déterminer le rôle exact que joue M. a. 









G¶HVSqFHV GRQW OD SOXSDUW VRQW GHV VDSURSK\WHV RX GHV RSSRUWXQLVWHV j FURLVVDQFH UDSLGH HW
G¶DXWUHVVRQWGHVSDWKRJqQHVLPSRUWDQWVSRXUO¶KRPPHHWO¶DQLPDODYHFXQHFURLVVDQFHOHQWH









tuberculosis TXL FRPSUHQG OHVP\FREDFWpULHV UHVSRQVDEOHV GH WXEHUFXORVH FKH] O¶KRPPH HW
O¶DQLPDODYHFM. tuberculosis RXEDFLOOHGH.RFKM. africanum, M. bovis, M. bovis BCG 
VRXFKH YDFFLQDOH, M. canettii, M. caprae, M. pinnipedii HWM. microti  LLM. leprae RX
EDFLOOH GH +DQVHQ UHVSRQVDEOH GH OD OqSUH FKH] O¶KRPPH LLL /HV 0\FREDFWpULHV 1RQ
7XEHUFXOHXVHV017RX©Mycobacteria Other Than Tuberculosisª0277TXLFRPSUHQG
OH FRPSOH[HMycobacterium avium-intracellulare 0$& UHVSRQVDEOH G¶LQIHFWLRQV DQLPDOHV
HWKXPDLQHVDXTXHODSSDUWLHQWODVRXVHVSqFH paratuberculosis
,, &DUDFWqUHVPRUSKRORJLTXHV±SK\VLRORJLTXHV
/D VRXVHVSqFHparatuberculosis HVW FDUDFWpULVpH SDU GHV SHWLWV EkWRQQHWV SOXV pSDLV HW SOXV
WUDSXV TXH OHV DXWUHV P\FREDFWpULHV )LJXUH  &H VRQW GHV RUJDQLVPHV DpURELHVPLFUR
DpURSKLOHV LQWUDFHOOXODLUHV HW LPPRELOHV /HV P\FREDFWpULHV VRQW GpFULWHV FRPPH QRQ
VSRUXODQWHV ELHQ TXH GH UpFHQWV UDSSRUWVPHWWHQW HQ pYLGHQFH OD SUpVHQFH G¶XQPRUSKRW\SH



















G¶XQH PHPEUDQH SODVPLTXH  QP G¶XQH SDURL  QP HW G¶XQH FDSVXOH  QP /D
PHPEUDQH SODVPLTXH GHV P\FREDFWpULHV HVW VLPLODLUH j FHOOH GHV DXWUHV EDFWpULHV (OOH HVW
SULQFLSDOHPHQWFRQVWLWXpHG¶XQHELFRXFKHSKRVSKROLSLGLTXHDYHFFRPPHO¶XQGHVSULQFLSDX[
FRPSRVDQWV OH 3KRVSKDWLG\O,QRVLWRO 0DQQRV\Op 3,0 /D SDURL HVW FRQVWLWXpH GH WURLV




P\FREDFWpULHV SDWKRJqQHV WHOOHV TXH M. tuberculosis RX M. leprae MRXDQW XQ U{OH WUqV
LPSRUWDQWGDQVODYLUXOHQFH.UHPHU/HVJO\FROLSLGHVUHSUpVHQWHQWGHVOLSLGHV
H[SRVpVjODVXUIDFH&HVRQWGHVPROpFXOHVVSpFLILTXHVG¶HVSqFHVHWGpILQLHVHQWURLVJUDQGHV
IDPLOOHV L/HV/LSR2OLJR6DFFKDULGHV /26SUpVHQWVFKH]M. kansasiiHWM. gordonae LL
/HV*O\FR3HSWLGR/LSLGHV*3/H[SULPpVjODVXUIDFHGHVHVSqFHVGX0$&GHM. abcessus 
HWGHM. chelonae LLL/HV3KpQROLTXHV*O\FR/LSLGHV 3*/ UHWURXYpVFKH] OHVHVSqFHVGX
FRPSOH[H tuberculosisHWGHM. leprae. /DFRXFKHODSOXVH[WHUQHGHO¶HQYHORSSHHVWDSSHOOpH
FDSVXOH FKH] OHV P\FREDFWpULHV SDWKRJqQHV &KH] M. tuberculosis HOOH HVW FRPSRVpH GH
SRO\VDFFKDULGHV PDMRULWDLUHPHQW O¶ĮJOXFDQHGHSURWpLQHV HW GHSHXGH OLSLGHV /D


















FRORQLHV DSUqV  j  MRXUV G¶LQFXEDWLRQ F¶HVW OH FDV GH M. smegmatis DORUV TXH OHV
P\FREDFWpULHV j FURLVVDQFH OHQWH RQW XQ WHPSV GH JpQpUDWLRQ DOODQW GH K SRXU M.
tuberculosisjaMRXUKSRXUM. a.paratuberculosisGRQQDQWGHVFRORQLHVYLVLEOHVj
O¶°LO QX j SDUWLU GH  VHPDLQHV MXVTX¶j SOXVLHXUV PRLV /DPEUHFKW  /D GXUpH GH





/D FURLVVDQFH in vitro GH M. a. paratuberculosis HVW GpSHQGDQW G¶XQ VLGpURSKRUH OD
P\FREDFWLQH - /D SOXSDUW GHVP\FREDFWpULHV VRQW FDSDEOHV GH SURGXLUH FH VLGpURSKRUH SDU




JqQH FRGH SRXU XQH SURWpLQH WURQTXpH GDQV VD SDUWLH &WHUPLQDOH TXL LQWHUIqUH DYHF OD
FDVFDGHDERXWLVVDQWjODSURGXFWLRQGXVLGpURSKRUH/L&HWWHVSpFLILFLWpDORQJWHPSV





QRP O¶LQGLTXH UHJURXSH GHX[ HVSqFHV JpQpWLTXHPHQW GLVWLQFWHV Mycobacterium avium HW
Mycobacterium intracellulare )LJXUH/HVPHPEUHVGX0$&VRQWGHVSDWKRJqQHVSRXU
O¶KRPPH HW O¶DQLPDO WUqV SUpVHQWV GDQV O¶HQYLURQQHPHQW HW GRQW OH QRPEUH G¶LQIHFWLRQ Q¶D
FHVVpG¶DXJPHQWHUGHSXLVOHVDQQpHVDYHFO¶pPHUJHQFHGX6,'$/¶HVSqFHM. aviumHVW
GLYLVpH HQ  VRXVHVSqFHV HQ IRQFWLRQ GH OHXUV FDUDFWpULVWLTXHV JpQpWLTXHV HW SKpQRW\SLTXHV
7KRUHOLM. a. aviumHVWUHVSRQVDEOHGHWXEHUFXORVHDYLDLUH&HWWHVRXVHVSqFHHVW
XQSDWKRJqQHRSSRUWXQLVWHFKH]O¶KRPPHSURYRTXDQWGHVLQIHFWLRQVGLVVpPLQpHVSXOPRQDLUHV
RXGHVDGpQRSDWKLHVFKH] O¶HQIDQW 7XUHQQH LLM. a. silvaticumHVWXQSDWKRJqQH
DQLPDOREOLJDWRLUHTXLSDUWDJHGHQRPEUHXVHVFDUDFWpULVWLTXHVDYHFOHVLVRODWVGHM. a. avium
PDLVLOHVWUHVSRQVDEOHG¶LQIHFWLRQVDYLDLUHVXQLTXHPHQWFKH]OHSLJHRQVDXYDJHG¶ROHQRP
GH©EDFLOOHZRRGSLJHRQªLLLM. a. hominissuis DpWpSURSRVpHDILQGHGLIIpUHQFLHUOHVLVRODWV
GHM. a. aviumLVROpVG¶RLVHDX[GHFHX[LVROpVG¶KRPPHRXGHSRUF0LMVLYM. a. 
paratuberculosis HVW UHVSRQVDEOH G¶LQIODPPDWLRQV LQWHVWLQDOHV FKH] OHV UXPLQDQWV /D VRXV
HVSqFHM. a. paratuberculosisHVWODVHXOHVRXVHVSqFHjrWUHGLIIpUHQFLpHHQGHX[W\SHVM. a. 
paratuberculosisGHW\SH6SRXU©6KHHSªRXW\SH,,,,HWGHW\SH&SRXU©&DWWOHªRXW\SH
,,7XUHQQH3OXVUpFHPPHQWQRXYHOOHVVRXVHVSqFHVRQWpWpDVVRFLpHVDX0$&





,,, 3RO\PRUSKLVPH HW pYROXWLRQ GH OD VRXVHVSqFH
paratuberculosis
/HV SUHPLqUHV pWXGHV TXLPHWWHQW HQ pYLGHQFH GX SRO\PRUSKLVPH JpQRPLTXH DX VHLQ GH OD
VRXVHVSqFH paratuberculosis VRQW EDVpHV VXU OD ©Restriction Fragment Length 
Polymorphism-IS900ª ,6 5)/3 &ROOLQV  'H /LVOH  SXLV SOXV




TXH FHOOH REVHUYpH HQWUH M. a. paratuberculosis GH W\SH 6 HW & PDLV QH GRQQH DXFXQH
LQGLFDWLRQVXUO¶pYROXWLRQGHODVRXVHVSqFHM. a. paratuberculosis0DUVK
/HVFKpPDG¶pYROXWLRQSURSRVpSRXUO¶HVSqFHaviumEDVpVXUXQHDQDO\VH©Representational 
difference analysisª5'$ODLVVHVXSSRVHUXQHpYROXWLRQOLQpDLUHGHM. a. hominissuisYHUV
M. a. paratuberculosis GH W\SH 6 pYROXDQW HQVXLWH YHUVM. a. paratuberculosis GH W\SH &
'RKPDQQ  (Q HIIHW 'RKPDQQ et al., RQW PLV HQ pYLGHQFH OD SUpVHQFH GH  loci






VRXFKHV GH W\SH 6 HW SUpVHQWHV FKH] OHV VRXFKHV GH W\SH & VXJJpUDQW XQH pYROXWLRQ



















PDMHXUV pPHUJHQWV GH O¶DQFrWUH FRPPXQ M. a. hominissuis 'H SOXV OH JpQRYDU M. a. 
paratuberculosis W\SH 6 VHPEOH VH GLIIpUHQFLHU HQ GHX[ VRXFKHV QRPPpHV  HW /1














5pFHPPHQW O¶pYROXWLRQ GH O¶HVSqFHavium D pWp pWXGLpH SDU FRPSDUDLVRQ JpQRPLTXH JUkFH
DX[ JpQRPHV VpTXHQFpV GLVSRQLEOHV M. a. paratuberculosis . /L  M. a. 
hominissuis  :X  HW SOXV UpFHPPHQW M. a. paratuberculosis  GH W\SH 6
%DQQDQWLQH  /¶pWXGH GH %DQQDQWLQH et al EDVpH VXU OD PpWKRGH G¶pWXGH GH OD
V\QWpQLH JURXSH GH JqQHV GRQW OH YRLVLQDJH HW O¶RUJDQLVDWLRQ HVW FRQVHUYpH VXU SOXVLHXUV
JpQRPHVVXJJqUHTXHM. a. paratuberculosisHVWODGHUQLqUHVRXVHVSqFHjDYRLUGLYHUJp/HV
GRQQpHVPRQWUHQWXQpOpPHQWG¶LQYHUVLRQHQWUHM. a. hominissuis HWM. a. paratuberculosis
W\SH6SXLVXQGHX[LqPHpYqQHPHQWHQWUHM. a. paratuberculosisGHW\SH6HW&VXJJpUHQWXQH
pYROXWLRQ OLQpDLUH )LJXUH % %DQQDQWLQH  /RUVTXH OH JpQRPH GH M. 
intracellalureHVWDMRXWpGDQVO¶pWXGHGHV\QWpQLHOHVGRQQpHVPRQWUHQWXQHIRUWHFRQVHUYDWLRQ
JpQRPLTXH DYHF M. a. hominissuis FH TXL TXHVWLRQQH VXU O¶DQFrWUH FRPPXQ GH O¶HVSqFH
avium &HSHQGDQW OHV pWXGHV SK\ORJpQpWLTXHV HW SRO\PRUSKLTXHV UpDOLVpHV VXU XQ JUDQG
QRPEUH GH VRXFKHV HW VXU GHV JqQHV GH UpIpUHQFH FRQVHUYpV PRQWUHQW ELHQ TXH O¶HVSqFH
intracellulare HVW WUqV pORLJQpH GH O¶HVSqFH avium &¶HVW SRXUTXRL O¶K\SRWKqVH TXH GDQV
O¶pYROXWLRQGHO¶HVSqFHaviumM. intracellulareHVWO¶DQFrWUHUHVWHGLVFXWDEOHHWDpWpDERUGpH
XQLTXHPHQWSDUFHWWHPpWKRGRORJLH
Les nombreuses études menées pour comprendre l’évolution de l’espèce avium montrent 
que M. a. paratuberculosis de type C est la dernière sous-espèce à avoir divergé. L’ancêtre 
commun semble être le groupe hétérogène de M. a. hominissuis. Cependant, nous ne 
,QWURGXFWLRQ&KDSLWUH

connaissons pas le schéma d’évolution précis. La sous-espèce paratuberculosis de type C 
émerge-t-elle de M. a. paratuberculosis de type S ou a-t-elle évolué de façon indépendante ? 
,,, *pQRW\SDJHGHODVRXVHVSqFHparatuberculosis
&RPPH SRXU M. tuberculosis O¶LGHQWLILFDWLRQ HW OH W\SDJH GHV VRXFKHV GH M. a. 





'HSXLV OHV DQQpHV  OD WHFKQLTXH GH UpIpUHQFH SRXU OH W\SDJH GHV VRXFKHV GH M. a.





OD©Pulsed Field Gel Electrophoresisª3)*(&RIILQ6LQJK6HYLOOD


/HV WHFKQLTXHVGH W\SDJHEDVpHV VXU OD3&5EHDXFRXSSOXV VHQVLEOHHWSUDWLTXHSRXUM. a.
paratuberculosis V¶LPSRVHQW DXMRXUG¶KXL SRXU OH JpQRW\SDJH GHV VRXFKHV 3DUPL FHV
WHFKQLTXHV FHUWDLQHV FRPPH OH W\SDJH 0,589175 7KLEDXOW  XWLOLVH OHV
PLQLVDWHOOLWHV VpTXHQFHVGHjSE UpSpWpHVHQ WDQGHPYDULDQWG¶XQHVRXFKHj O¶DXWUH
FRPSUHQDQWOHV©Variable Number Tandem Repeatª9175PDLVDXVVLOHV©Mycobacterial 
Interspersed Repetitive Unitsª 0,58 '¶DXWUHV WHFKQLTXHV XWLOLVHQW OD YDULDWLRQ GHV
PLFURVDWHOOLWHV GL RX WUL QXFOpRWLGH W\SDJH ©Simple Sequence Repeatsª 665 $PRQVLQ




















































































































































































































































































































































































































































































































































































(QGHKRUVGHVGLIIpUHQFHVJpQRW\SLTXHVREVHUYpHVHQWUHOHVVRXFKHVGHM. a. paratuberculosis 
GHW\SH&HWGHW\SH6TXHOTXHVGLIIpUHQFHVSKpQRW\SLTXHVRQWpWpGpPRQWUpHV/DGLIIpUHQFH
PDMHXUHHQWUHOHVVRXFKHVRYLQHVHWERYLQHVFRQFHUQHOHXUFXOWXUH/DFURLVVDQFHGHVVRXFKHV
GH W\SH6HVW SOXV IDVWLGLHXVHSOXV OHQWH HW SOXV H[LJHDQWHTXHFHOOHGHV VRXFKHVGH W\SH&
:KLWWLQJWRQ6WHYHQVRQet al.RQWpWXGLpODGLYHUVLWpGHVRXFKHVSLJPHQWpHVHWQRQ
SLJPHQWpHVSDUGLIIpUHQWHVPpWKRGHVGH JpQRW\SDJH ,O V¶DYqUHTXH OHV FRORQLHVSLJPHQWpHV
DYHF XQH FRXOHXU MDXQHRUDQJpH VRQW GHV VRXFKHV RYLQHV GH W\SH , 6WHYHQVRQ 
5pFHPPHQW GHX[ VRXFKHV SLJPHQWpHV GH M. a. paratuberculosis RQW pWp JpQRW\SpHV
LQGLTXDQW TXH FH VRQW GHV VRXFKHV RYLQHV GH W\SH ,,, /H SKpQRW\SH GH SLJPHQWDWLRQ Q¶HVW
GRQF SDV UHVWUHLQW DX W\SH , PDLV SHXW rWUH pWHQGX DX W\SH ,,, WDQGLV TXH OHV FRORQLHV GH










VRQW FDSDEOHV G¶DXJPHQWHU OD UpJXODWLRQ GHV JqQHV GH VWRFNDJH HW GH UpJXODWLRQ GX IHU




UpSRQVH SURLQIODPPDWRLUH VHPEODEOH j FHOOH JpQpUpH SDU GHV LVRODWV GH M. a. avium
-DQDJDPD0RWLZDOD%RUUPDQQ
En plus des éléments génotypiques, des différences phénotypiques entre les souches de M. 
a. paratuberculosis de type C ou de type S sont observées au niveau de la croissance, du 







OHV EDFLOOHV YRQW WUDYHUVHU OD SUHPLqUH EDUULqUH GH GpIHQVH GH O¶K{WH OHV PXTXHXVHV
SXOPRQDLUH RX LQWHVWLQDOH SXLV LOV YRQW rWUH SULV HQ FKDUJH SDU OHV FHOOXOHV GH O¶LPPXQLWp
LQQpHOHVPDFURSKDJHV&KH]M. tuberculosisOHVPDFURSKDJHVDOYpRODLUHVMRXHQWG¶XQHSDUW
OH U{OH GH QLFKH SRXU OHV EDFLOOHV HW G¶DXWUH SDUW OH U{OH GH &3$J (Q HIIHW OHV SHSWLGHV





LPSOLTXpVGDQV OD UHFRQQDLVVDQFHGHVP\FREDFWpULHVDSSDUWLHQQHQWjGLIIpUHQWHV IDPLOOHVTXL
UHFRQQDLVVHQWGLIIpUHQWVOLJDQGVP\FREDFWpULHQV
/DIDPLOOHGHV©Toll Like Receptorsª7/5VUHFRQQDvWGHVPRWLIVPROpFXODLUHVVSpFLILTXHV
DSSHOpV ©Pathogen-Associated Molecular Patternª 3$03V SUpVHQWV j OD VXUIDFH GHV
EDFWpULHVLQGXLVDQWGHVVLJQDX[FHOOXODLUHVLQIODPPDWRLUHV4XHVQLDX[/HV7/5VOHV
SOXV GpFULWV FKH]M. tuberculosis VRQW OHV 7/5 HW 7/5 5HLOLQJ  6XJDZDUD
 %DILFD /HV7/57/5HW7/5 VRQWGpFULWV FKH]M. a. paratuberculosis
FRPPHLPSOLTXpVGDQVODVXVFHSWLELOLWpGHVDQLPDX[jODSDUDWXEHUFXORVHYLDODSUpVHQFHGH














SDU XQ SKpQRPqQH G¶RSVRQLVDWLRQ PHQp SDU SOXVLHXUV PpFDQLVPHV LQGpSHQGDQWV LO YD
IDYRULVHU OD SKDJRF\WRVH GH O¶DJHQW SDWKRJqQH /¶DFWLYDWLRQ GH OD YRLH FODVVLTXH GX
FRPSOpPHQW VH IDLW SDU OD UHFRQQDLVVDQFH G¶XQ FRPSOH[H P\FREDFWpULHDQWLFRUSV &H
FRPSOH[H SHXW pJDOHPHQW rWUH UHFRQQX GLUHFWHPHQW SDU OHV UpFHSWHXUV )F SUpVHQWV VXU OHV
FHOOXOHV TXL UHFRQQDLVVHQW OD SDUWLH )F GHV LPPXQRJOREXOLQHV 'HV PROpFXOHV
P\FREDFWpULHQQHVWHOOHVTXHOHV0DQ/$0RXOD©Heparin Binding HemAgglutininª+%+$
VRQWFDSDEOHVGHVHOLHUDX&FRPSRVDQWFOHIGHODFDVFDGHSRXULQGXLUHODSKDJRF\WRVHSDU
OD YRLH DOWHUQH GX FRPSOpPHQW 6FKOHVLQJHU  +LUVFK  6FKRUH\ 
0XHOOHU2UWL]  'H SOXV OD ©Mannose Binding Lectinª 0%/ TXL MRXH OH U{OH
G¶RSVRQLQH YD VH OLHU DX 0DQ/$0 GHV P\FREDFWpULHV SRXU HQVXLWH DFWLYHU OD YRLH GX
FRPSOpPHQWSDUODYRLHGHVOHFWLQHV*DUUHG
/D IDPLOOH GHV &OHFWLQHV UHFRQQDvW OHV VXFUHV SRUWpV SDU OHV P\FREDFWpULHV WHOV TXH OH
0DQ/$0 OH /LSR0DQQDQH /0 OHV JO\FROLSLGHV RX HQFRUH OD ©Fibronectin Attachment 
Proteinª )$3 3DUPL FHV UpFHSWHXUV RQ UHWURXYH OHV 5pFHSWHXUV DX 0DQQRVH 05
6FKOHVLQJHU  6RX]D  OHV ©Dendritic Cell Specific Intercellular adhesion 
molecule 3 Grabbing non integrinª '&6,*1 7DQQH  OHV ©Macrophage 
inducible C-type lectinª 0LQFOH ,VKLNDZDRXHQFRUH OHV ©Surfactant Proteinsª
6SSUpVHQWHVDXQLYHDXSXOPRQDLUH5DJDV
/HVP\FREDFWpULHVRQWGpYHORSSpSOXVLHXUVVWUDWpJLHVSRXUIDFLOLWHUOHXULQWHUQDOLVDWLRQSDUOHV
FHOOXOHV SKDJRF\WDLUHV HQ SDUWLFXOLHU OHVPDFURSKDJHV GDQV OHVTXHOV HOOHV VRQW FDSDEOHV GH
VXUYLYUH HW GH VH PXOWLSOLHU /HV PROpFXOHV LPSOLTXpHV VRQW SUpVHQWHV DX QLYHDX GH
O¶HQYHORSSH RQ \ WURXYH OHV OLSRJO\FDQHV 3,0V /$0 /0 HW 0DQ/$0 HW OHV OLSLGHV












/D PDWULFH H[WUDFHOOXODLUH 0( GHV HXFDU\RWHV HVW XQ UpVHDX WUqV FRPSOH[H GH
PDFURPROpFXOHVGDQVOHTXHOSHXYHQWPLJUHUHWDGKpUHUOHVFHOOXOHVSRXULQWHUDJLUHQWUHHOOHV
3OXVLHXUV U{OHV LPSRUWDQWV GDQV OD SK\VLRORJLH FHOOXODLUH OXL VRQW DWWULEXpV FRPPH
O¶HPEU\RJpQqVH OH FRQWU{OH GH OD SUROLIpUDWLRQ FHOOXODLUH OD GLIIpUHQFLDWLRQ FHOOXODLUH HW OD
FRQVROLGDWLRQ GHV WLVVXV ,VEHUJ  /HV pOpPHQWV TXL FRQVWLWXHQW FHW HQYLURQQHPHQW
H[WUDFHOOXODLUHVRQWGHVSURWpLQHVGHVJO\FRSURWpLQHVHWGHVSRO\VDFFKDULGHV/¶HQVHPEOHGHV
SURWpLQHVHVWUHSUpVHQWpSDUGHVILEUHVpODVWLTXHVHWGHVILEUHVGHFROODJqQHTXLMRXHQWXQU{OH
GDQV OH PDLQWLHQ HW O¶LQWpJULWp GX UpVHDX PDLV DXVVL SDU O¶LQWHUPpGLDLUH GHV PROpFXOHV
G¶DGKpUHQFH WHOOHV TXH OD ILEURQHFWLQH )1 HW OD ODPLQLQH /P TXL DVVXUHQW OD FRKpVLRQ










/D FRPSRVLWLRQ GH OD PDWULFH H[WUDFHOOXODLUH HVW LPSOLTXpH GDQV OH WURSLVPH FHOOXODLUH GHV
P\FREDFWpULHV SDU OD SUpVHQFH GH UpFHSWHXUV VSpFLILTXHV H[SULPpV j OD VXUIDFH GHV FHOOXOHV
0DULGRQQHDX3DULQL  TXL YDULHQW G¶XQ RUJDQH j XQ DXWUH PDLV pJDOHPHQW G¶XQH
HVSqFH DQLPDOH j XQH DXWUH 0DFFDUDQD  6DVLVHNKDUDQ  (Q HIIHW OHV
P\FREDFWpULHVSDWKRJqQHVSRXUO¶KRPPHHWO¶DQLPDOWHOOHVTXHM. tuberculosisM. lepraeM. 
ulcerans HWM. a. paratuberculosis SUpVHQWHQW WRXWHV GHV VLWHV G¶LQIHFWLRQV VSpFLILTXHVM. 
tuberculosis LQGXLW XQH LQIHFWLRQ SXOPRQDLUHM. leprae D XQH SUpIpUHQFH SRXU OH V\VWqPH
QHUYHX[SpULSKpULTXHM. ulceransHVWORFDOLVpHDXQLYHDXGHODSHDXHWM. a. paratuberculosis
FLEOH OHV FHOOXOHV LQWHVWLQDOHV &KDTXH FHOOXOH SRVVqGH XQH ODPH EDVDOH /E RX PHPEUDQH
EDVDOH TXL VH VLWXH j OD EDVH GHV pSLWKpOLXPV RX DXWRXU GH FHUWDLQHV FHOOXOHV VSpFLILTXHV
FHOOXOHV HQGRWKpOLDOHV DGLSRF\WHV FHOOXOHV PXVFXODLUHV HW FHOOXOHV GH 6FKZDQQ /HV
PROpFXOHVFRQVWLWXWLYHVGHOD/EWHOOHVTXHOD/P,OHV *$*V,OHV 3*V, OH FROODJqQHGHW\SH,9







HW ,,,/D OLDLVRQDX[FHOOXOHVYLD OHV LQWpJULQHVSHUPHWGH OLQpDULVHU ODPROpFXOHGH)1TXL
SHXWDLQVLV¶DVVRFLHUDYHFVHVKRPRORJXHVRXG¶DXWUHVFRPSRVpVFRPPHOHV3*VKpSDUDQHHW
FKRQGURLWLQH VXOIDWH WRXV OHV W\SHV GH FROODJqQH DLQVL TX¶j OD ILEULQH /D VpTXHQFH G¶ DD







)LE%'±Fibrin Binding Domain+%'±Heparin Binding Domain&%'±Cell Binding Domain&RO%'±






 FKDvQHV Ȗ /D SDUWLH &WHUPLQDOH GH OD FKDvQH Į FRQWLHQW XQ GRPDLQH JOREXODLUH DSSHOp
GRPDLQH*GLYLVpHQGRPDLQHVLPSOLTXpVGDQVOHPDLQWLHQGHODVWUXFWXUHGHFHWWHPROpFXOH
/D/PSUpVHQWH GHVPRWLIV GH OLDLVRQ DX FROODJqQH ,9 DX[ 3*V +pSDUDQH6XOIDWH HW j OD
FHOOXOH YLD OHV LQWpJULQHV VpTXHQFH 5*' /HV FKDvQHV OHV SOXV UpSDQGXHV DX QLYHDX GH
O¶pSLWKpOLXPVRQW OHVFKDvQHVĮĮĮȕHWȖ/DGLVWULEXWLRQGHFHUWDLQHVLVRIRUPHVHVW















ILEULOOH DYHF SRXU FKDFXQ XQH FRPELQDLVRQ XQLTXH GH  FKDvQHV Į HQURXOpHV OHV XQHV DX[
DXWUHV&¶HVWODSURWpLQHODSOXVDERQGDQWHGDQVO¶RUJDQLVPHTXLVHUpSDUWLWGHIDoRQVSpFLILTXH
VHORQ OHV W\SHVFHOOXODLUHV/¶LQWHUDFWLRQFHOOXOH0(VHIDLWYLD O¶LQWpJULQHĮȕSUpVHQWHVXU







LPSOLTXpH GDQV GH PXOWLSOHV YRLHV GH VLJQDOLVDWLRQ /D IDPLOOH GHV LQWpJULQHV SHXW rWUH
UHSUpVHQWpHHQJUDQGVJURXSHVHQIRQFWLRQGHVOLJDQGVUHFRQQXVOHV©collagen receptorsª
OHV ©laminin receptorsª OHV ©leukocyte-specific receptorsª HW OHV ©RGD receptorsª
FDSDEOHV GRQF GH PpGLHU O¶LQWHUDFWLRQ FHOOXOHFHOOXOH HW FHOOXOH0( /¶H[SUHVVLRQ GHV
LQWpJULQHV HVW XELTXLWDLUH PDLV OHXU GLVWULEXWLRQ HVW YDULDEOH VHORQ OH W\SH FHOOXODLUH 3DU




/HV *$*V VRQW GHV SRO\PqUHV QRQ UDPLILpV FRPSRVpV GH UpSpWLWLRQV GH  j PRWLIV
GLVDFFKDULGLTXHVVXOIDWpV'XUDQWOHXUELRV\QWKqVHGDQVO¶DSSDUHLOGH*ROJLOHVVXFUHVDPLQpV
JOXFRVDPLQH RX JDODFWRVDPLQH VRQW 1VXOIDWpV 2VXOIDWpV RX 1DFpW\OpV HW OHV DFLGHV
K\DOXURQLTXHV DFLGH JOXFXURQLTXH RX DFLGH LGXURQLTXH RX OH JDODFWRVH VXELVVHQW













SOXV YDULp GDQV OHV PROpFXOHV G¶KpSDULQH %HUQILHOG  6DVLVHNKDUDQ 
5DEHQVWHLQ3RXU WRXWHVFHV UDLVRQV O¶KpSDULQH HVWXWLOLVpHGDQV OHVpWXGHV in vitro
SRXUUHSUpVHQWHUODIDPLOOHGHV*$*V









H[WUDFHOOXODLUH YHUV OH F\WRVTXHOHWWH /HV *$*V DFFURFKpV GH IDoRQ FRYDOHQWH DX FRUH
SURWpLTXH VRQW UHSUpVHQWpV SDU GHV +6 HW GHV &6 LL /D IDPLOOH GHV JO\SLFDQHV DYHF 
PHPEUHV VRQW FRPSRVpHV G¶XQH PROpFXOH GH JO\FRV\OSKRSKDWLG\OLQRVLWRO *,3 TXL VHUW j











/H UpFHSWHXU G\VWURJO\FDQH HVW WUDQVFULW SDU XQ $51 SRO\FLVWURQLTXH GRQQDQW GHX[ VRXV
XQLWpV Į HW ȕ OLpHV GH IDoRQ QRQ FRYDOHQWH VRXV VD IRUPH PDWXUH /D VRXVXQLWp ȕ HVW
WUDQVPHPEUDQDLUH UDFFURFKpHG¶XQHSDUWDX F\WRVTXHOHWWHG¶DFWLQHHWG¶DXWUHSDUWj OD VRXV
XQLWpĮTXLHVWXQLTXHPHQWH[WUDFHOOXODLUHHWLPSOLTXpHGDQVO¶LQWHUDFWLRQDYHFOD0(&¶HVWXQ
UpFHSWHXUWUqVIRUWHPHQWH[SULPpDXQLYHDXGHOD/EGHODSOXSDUWGHVFHOOXOHVpSLWKpOLDOHVGHV







/HVPROpFXOHVG¶DGKpUHQFH OHV LQWpJULQHVHW OHV3*VVRQWGHV UpFHSWHXUV H[SULPpVGH IDoRQ
VSpFLILTXHjODVXUIDFHGHVFHOOXOHVRXSUpVHQWVGDQVOD0(,OVRQWGHVU{OHVLPSRUWDQWVGDQVOH
GpYHORSSHPHQW FHOOXODLUH OD WXPRURJpQqVH OD IL[DWLRQ GH IDFWHXUV GH FURLVVDQFH RX HQFRUH
GDQVOHPpWDEROLVPH%HUQILHOG7DNDGD7]X)DUDOOL
Les microorganimes (bactéries, virus ou parasites) utilisent toutes les molécules décrites 




,, 'X F{Wp GH OD EDFWpULH ± $GKpVLQHV P\FREDFWpULHQQHV
PDMHXUHV
&KH]OHVP\FREDFWpULHVSHXGHIDFWHXUVGHYLUXOHQFHRQWpWpGpFULWV3DUPLHX[OHVDGKpVLQHV
PROpFXOHV VpFUpWpHV RX H[SULPpHV j OD VXUIDFH GH OD EDFWpULH VRQW FDSDEOHV GH PpGLHU
O¶LQWHUDFWLRQHQWUHXQSDWKRJqQHHWVRQK{WHSDUODIL[DWLRQGHVFRPSRVDQWVGHOD0(RXYLDOHV
UpFHSWHXUVFHOOXODLUHV
,, ©Major Membrane Proteinª
,, 'pFRXYHUWHHWORFDOLVDWLRQ
/¶LVROHPHQW GHV DQWLJqQHV GH VXUIDFH GH M. leprae D SHUPLV G¶LGHQWLILHU GHX[ SURWpLQHV
PDMHXUHV GH VXUIDFH 3DUPL HOOHV OD 003 , 0DMRU 0HPEUDQH 3URWHLQ DYHF XQ SRLGV
PROpFXODLUH GH  N'D TXL HVW UHWURXYpH VRXV IRUPH GH PXOWLPqUHV +XQWHU  /D
FDUDFWpULVDWLRQPROpFXODLUH GH OD SURWpLQH GH  N'D DPLV HQ pYLGHQFH XQ FDGUH RXYHUW GH
OHFWXUHFRGDQWSRXUXQHSURWpLQHGHDDTXLQHSUpVHQWHSDVGHVLJQDOG¶H[SRUWDWLRQGDQVVD







/D SUpVHQFH GH FHWWH SURWpLQH D pWp UHFKHUFKpH FKH] G¶DXWUHV HVSqFHVP\FREDFWpULHQQHV SDU
3&5K\EULGDWLRQGHO¶$'1JpQRPLTXHHWLPPXQREORW/HVUpVXOWDWVLQGLTXHQWTXHOD003
GH  N'D HVW SUpVHQWH FKH]M. smegmatis HWM. a. paratuberculosis PDLV DEVHQWH GHM. 
intracellulareM. tuberculosisM. bovis HW G¶DXWUHV HVSqFHV 7ULFFDV  %DQDVXUH
*UkFHjODSURGXFWLRQG¶DQWLFRUSVPRQRFORQDX[GLULJpVFRQWUHODSURWpLQHGHN'DGH
M. a. paratuberculosis OD003GHM. intracellulare D pWpPLVH HQ pYLGHQFH'HSOXV FHV
DQWLFRUSVPRQRFORQDX[VRQWFDSDEOHVGHGpWHFWHU OHVEDFLOOHVGHM. a. paratuberculosisSDU







PDOJUp OD SUpVHQFH PLQLPH GH EDQGHV REVHUYpHV GDQV OHV IUDFWLRQV F\WRVROLTXHV GH M. a. 
paratuberculosis SDU LPPXQREORW HW PLFURVFRSLH pOHFWURQLTXH %DQQDWLQH 
%DQQDQWLQH
,, ,QYDVLRQFHOOXODLUH




GDQV GHV FRQGLWLRQV GH S+ DFLGH 'H SOXV %DQQDQWLQH et al., RQW PRQWUp TXH M. a. 
paratuberculosis HVW FDSDEOH G¶HQYDKLU OHV FHOOXOHV pSLWKpOLDOHV 0'%.&HWWH LQYDVLRQ HVW





HQ SUpVHQFH RX j IDLEOH FRQFHQWUDWLRQ G¶R[\JqQH 3XLV OHV PrPHV WHVWV G¶LQKLELWLRQ HW GH
FRPSpWLWLRQRQWpWpUpSpWpV/DSUpLQFXEDWLRQDYHFGHO¶R[\JqQHHQJHQGUHXQHGLPLQXWLRQGH
O¶LQYDVLRQ GH  DORUV TX¶DYHF XQH FRQFHQWUDWLRQ HQ R[\JqQH IDLEOH OD UpGXFWLRQ GH
O¶LQYDVLRQHVWGH&HVUpVXOWDWVV¶H[SOLTXHQWSDUODVXUH[SUHVVLRQGHOD003HQSUpVHQFH
GH IDLEOH FRQFHQWUDWLRQ G¶R[\JqQH %DQQDQWLQH  /HV UpVXOWDWV REWHQXV GDQV FHWWH
pWXGH VRQW VLPLODLUHV j FHX[ SXEOLpV SDU %HUPXGH] et al., VXU O¶HIIHW GHV FRQGLWLRQV
HQYLURQQHPHQWDOHVVXUO¶HQWUpHGHM. aviumGDQVOHVFHOOXOHVpSLWKpOLDOHVLQWHVWLQDOHV+7
%HUPXGH]
La MMP est une protéine exprimée à la surface de nombreuses mycobactéries mais absente 
des espèces du complexe tuberculosis. L’implication de la MMP dans l’invasion des 
cellules épithéliales, dans des conditions mimant l’intestin, montre que cette protéine est 





 /HV DQWLFRUSV GH SDWLHQWV DYHF XQH OqSUH GpFODUpH UHFRQQDLVVHQW OD 003/
FRQWUDLUHPHQWDX[SDWLHQWVVDLQVRXDWWHLQWVGHODWXEHUFXORVH5RFKH/DFDSDFLWpGH
OD003/jLQGXLUHXQHUpSRQVHFHOOXODLUHDpWpWHVWpHin vitro/HVUpVXOWDWVPRQWUHQWTXHOD
UpSRQVH ,)1Ȗ LQGXLWH HVW IRUWH GDQV OHV IRUPHV SDXFLEDFLOODLUHV DORUV TXH GDQV OHV IRUPHV




FKH]M. avium DX QLYHDXPROpFXODLUH HW LPPXQRORJLTXHPRQWUH GHV UpVXOWDWV VLPLODLUHV j
FHX[REWHQXVDYHFOD003/7ULFFDV/HVSURSULpWpVGHO¶DQWLJqQH003/RQWpWp




GH  HW OD VSpFLILWp SURFKH GH  VRQW VXIILVDQWHV SRXU GpWHFWHU OD SDUDWXEHUFXORVH
6KLQ

,, ©Fibronectin Binding Proteinsª
/HVDGKpVLQHVTXLIL[HQW ODILEURQHFWLQHVRQWSDUPLOHVSOXVUpSDQGXHV2QOHVUHWURXYHFKH]
Staphylococcus aureus 0RQJRGLQ  Leptospira biflexa )LJXHLUD 
Pseudomonas aeruginosa 5RJHU  RX HQFRUH Acinetobacter baumannii 6PDQL
7RXWHVFHVEDFWpULHVH[SULPHQWjOHXUVXUIDFHGHVPROpFXOHVFDSDEOHVGHOLHUOD)1SRXU
IRUPHU XQ SRQW IDLVDQW OH OLHQ DYHF OD FHOOXOH K{WH /HV SUHPLqUHV pWXGHV UpDOLVpHV FKH] OHV
P\FREDFWpULHV PRQWUHQW TXH %&* HVW FDSDEOH G¶DGKpUHU j GHV VXUIDFHV UHFRXYHUWHV GH )1
5DWOLII&HWWHDGKpUHQFHHVWVDWXUDEOHVSpFLILTXHHWLQKLEpHSDUGHVFRPSRVDQWVGX
VXUQDJHDQW GH FXOWXUH GH %&* FH TXL VXJJqUH TXH OD SURWpLQH HVW VpFUpWpH /¶DGKpVLRQ GH
%&* in vitro DX[FHOOXOHV7HVW DXJPHQWpHSDU O¶DMRXWGH)1H[RJqQHHW LQKLEpHSDUGHV














037 $QWLJqQH  RX Į DQWLJqQH HW O¶DQWLJqQH & 037 $SUqV SXULILFDWLRQ
O¶LGHQWLILFDWLRQDUpYpOpTXHFHVSURWpLQHVRQWXQHVpTXHQFHG¶HQYLURQjDDHWXQSRLGV
PROpFXODLUHYDULDQWGHjN'D:LNHU$ERX]HLG1DJDL/D
SDUWLH1WHUPLQDOH GH FHV SURWpLQHV FRQWLHQW XQ SHSWLGH VLJQDO TXL SHUPHW O¶H[SRUWDWLRQ GHV
SURWpLQHV $ % HW & MXVTX¶j OD VXUIDFH&HWWH VpTXHQFH FRPSRVpH GH  DD GDQV OD
SOXSDUW GHV HVSqFHV HW SRVVqGH XQ PRWLI $;$ QpFHVVDLUH SRXU OD UHFRQQDLVVDQFH GH OD
SHSWLGDVH+DUERH

/HV SURWpLQHV GX FRPSOH[H DQWLJpQLTXH  VRQW DFWLYHPHQW VpFUpWpHV FKH]M. tuberculosis
$ERX]HLG  :LNHU  HW M. leprae 3HVVRODQL  2Q OHV UHWURXYH
pJDOHPHQWH[SRVpHVjODVXUIDFHGHVEDFWpULHV$ERX]HLG5DPEXNNDQD/D
SURGXFWLRQG¶DQWLFRUSVSRO\FORQDX[H[SULPDQWXQpSLWRSHFRPPXQDX[ WURLV SURWpLQHV D pWp
GpFULW HW QRPPp +<7 FH TXL D SHUPLV G¶LGHQWLILHU FHV SURWpLQHV FKH] G¶DXWUHV HVSqFHV
P\FREDFWpULHQQHV/DSURGXFWLRQG¶DQWLFRUSVPRQRFORQDX[DQWL$J%DSHUPLVGHPHWWUH




HW GH M. leprae j DGKpUHU j OD )1 D pWp PHQpH SDU 3HVVRODQL et al /HV GLIIpUHQWHV
PpWKRORJLHV XWLOLVpHV RQW UHPLV HQ TXHVWLRQ OD FDSDFLWp GHV FRPSRVDQWV GX FRPSOH[H
DQWLJpQLTXHj LQWHUDJLUDYHF OD)13HVVRODQL'HSXLVGHVpWXGHVSUpFLVHVFKH]
M. kansasiiM. bovisM. lepraeHWM. a. paratuberculosisRQWSHUPLVG¶LGHQWLILHUOHVPRWLIV




O¶$J % SURGXLW SDU%&* HVW FDSDEOH GH VH IL[HU j OD )1 (Q V\QWKpWLVDQW GHV VpTXHQFHV
SHSWLGLTXHVTXLVHFKHYDXFKHQWLOVRQWLGHQWLILpSDU(/,6$WURLVGRPDLQHVGHOLDLVRQjOD)1
HQSRVLWLRQDDDDHWDD3HDNH&KH]M. lepraeGHX[VLWHV
GH OLDLVRQ j OD )1 RQW pWp LGHQWLILpV SDU:% ORFDOLVpV HQ  DD HW  DD FH TXL
UHFRXYUH OD TXDVLWRWDOLWp GH OD SURWpLQH 7KROH  /¶pWXGH OD SOXV SUpFLVH GDQV OD
GpILQLWLRQGHV VLWHVGH OLDLVRQ j OD)1D pWp UpDOLVpH VXU O¶$J%GHM. kansasii(QHIIHW
GHX[SHSWLGHV FDSDEOHV GH OLHU OD)1RQW pWp LGHQWLILpVSDU(/,6$HQSRVLWLRQDD HW
DDPDLVVHXOHPHQWOHSHSWLGHDDSHUPHWG¶LQKLEHUjOXLVHXOO¶DGKpVLRQGHV$J
$HW&jOD)1/HPRWLI)(:<<46*/69GHUpVLGXVHVWQpFHVVDLUHjO¶LQWHUDFWLRQ





Les molécules du complexe antigénique 85 se lient à la FN pour interagir avec la cellule 
hôte de façon indirecte. Le motif de liaison FEWYYQ, indispensable à la liaison avec la 
FN, est unique aux mycobactéries et est très conservé

,, 0RWLIVGHOLDLVRQGHOD)1
'HX[ pWXGHV VXJJqUHQW TXH O¶LQWHUDFWLRQ GH OD )1 DYHF OHV FRPSRVDQWV DQWLJpQLTXHV GX
FRPSOH[HVH IDLWSDU O¶LQWHUPpGLDLUHGHSOXVLHXUV VLWHVGH OLDLVRQ/¶LPSOLFDWLRQGX*%'
Gelatin Binding Domain D pWp PLVH HQ pYLGHQFH SDU XQ WHVW G¶LQKLELWLRQ FHOOXODLUH HQ








Heparin Binding Domain FDSDEOHV G¶LQWHUDJLU DYHF O¶$J % GH M. kansasii 1DLWR
5pFHPPHQW XQH pWXGHGpFULW GH IDoRQ WUqVSUpFLVH OHVPRWLIVG¶LQWHUDFWLRQVSUpVHQWV
VXUODPROpFXOHGH)1.XRet alRQWGpPRQWUpSDU©Surface Plasmon Resonanceª 635
TXHWRXVOHVDQWLJqQHV$%HW&GHM. a. paratuberculosisVRQWFDSDEOHVG¶LQWHUDJLUDYHFOD
)1 3XLV LOV RQW DQDO\Vp SDU (/,6$ OHV TXDWUH GRPDLQHV GH OD )1 j VDYRLU OH 17' 1
WHUPLQDOGRPDLQ*%'&%'HW OHGRPDLQHGH N'D/HV UpVXOWDWVPRQWUHQWTXH VHXO OH
GRPDLQHGHN'DGH OD)1HVW LPSOLTXpGDQV O¶LQWHUDFWLRQDYHFXQHDIILQLWpVLPLODLUHj OD
PROpFXOHGH)1HQWLqUH&HGRPDLQHGHN'DHVWFRQVWLWXpGHVRXVXQLWpV)Q
IRUPDQW OH +HS GRPDLQH HW GXPRGXOH )Q  /HVPpWKRGHV GH 635 HW:% RQWPLV HQ
pYLGHQFH O¶LPSOLFDWLRQ GH OD VRXVXQLWp )Q  GDQV O¶LQWHUDFWLRQ TXL HVW FDSDEOH DSUqV
LQFXEDWLRQ DYHF O¶$J % GHM. a. paratuberculosis G¶LQKLEHU OD OLDLVRQ DYHF OD )1 /HV
SHSWLGHV V\QWKpWLVpV j SDUWLU GH OD VRXVXQLWp )Q  RQWPRQWUp SDU (/,6$ HWPXWDJpQqVH
GLULJpHTXHOHVUpVLGXVLPSOLTXpVGDQVODOLDLVRQVRQWORFDOLVpVHQWUHOHVDFLGHVDPLQpV
DDHWSOXVSDUWLFXOLqUHPHQW/96433HW5.XR
Le mécanisme d’interaction entre les protéines du complexe antigénique 85 et la FN est 
relativement bien connu et met en évidence l’implication de plusieurs domaines présents 
sur la FN.  

,, $XWUHVU{OHVDVVRFLpVDX[FRPSRVDQWV$J
(Q GHKRUV GH OHXU FDSDFLWp G¶DGKpUHQFH OHV FRPSRVDQWV GX FRPSOH[H DQWLJpQLTXH  VRQW
FRQQXV SRXU OHXU FDSDFLWp j LQGXLUH XQH IRUWH UpSRQVH LPPXQLWDLUH j PpGLDWLRQ FHOOXODLUH
6KLQ ,	,  /HXU SRWHQWLHO GDQV OH GLDJQRVWLF GH OD OqSUH 0DUWLQH] 
.DVK\DS'D6LOYDRXHQFRUHGDQVODPLVHHQSODFHGHYDFFLQDpWppWXGLp
7DQJKH'KDU'LHWULFK(QHIIHWLODpWpPRQWUpTXHFHVRQWGHV





pYLGHQFH XQH GLPLQXWLRQ GH GHV DFLGHVP\FROLTXHV SUpVHQWV GDQV OD SDURL D\DQW SRXU
FRQVpTXHQFHXQHDEVRUSWLRQSOXVUDSLGHGHVFRPSRVpVK\GURSKREHVHWK\GURSKLOHVVDXISRXU
O¶LVRQLD]LGH 0DOJUp GH SURIRQGHV PRGLILFDWLRQV GH OD FRPSRVLWLRQ GH OD SDURL OD VRXFKH
,QWURGXFWLRQ&KDSLWUH

PXWDQWH HVW FDSDEOH GH VH UpSOLTXHU HW GH VXUYLYUH in vitro GDQV GHV PDFURSKDJHV PXULQV
GpULYpV GH ODPRsOOH %0'0 -DFNVRQ  (Q UHYDQFKH O¶LPSDFW GHV SURWpLQHV$J
$HW%GHM. tuberculosisWHVWpJUkFHjGHVPXWDQWVPRQWUHTXHOHPXWDQWSRXUO¶$J$D
GHV GLIILFXOWpV j FURvWUH VXU XQPLOLHX SDXYUH HQ QXWULPHQWVPDLV pJDOHPHQW GDQV OHV GHX[




Ces résultats montrent que les protéines du complexe antigénique 85 ont un rôle clef dans 
la composition, l’intégrité et la perméabilité de la paroi mycobactérienne.  
,, ©Fibronectin Attachment Proteinª




N'D /¶LQKLELWLRQ GH O¶DGKpVLRQ GH %&* j GHV VXUIDFHV UHFRXYHUWHV GH )1 D pWp PLVH HQ
pYLGHQFHSDUGHVWHVWVGHFRPSpWLWLRQDYHFOHVDQWLFRUSVPRQRFORQDX[DQWLSGHM. vaccae

















VRXV OH QRP GH ©Alanine and Proline rich Antigen ª $SD FDUDFWpULVpH SDU XQ IRUW
SRXUFHQWDJHGHUpVLGXVGHSUROLQHHWG¶DODQLQHRXHQFRUH037
/HWUDLWHPHQWGHVEDFWpULHVSDUGHVHQ]\PHVGHVDQWLELRWLTXHVGHVGpWHUJHQWVRXHQFRUHSDUOD
FKDOHXU UpGXLW IRUWHPHQW OD FDSDFLWp G¶DGKpVLRQ GH OD EDFWpULH j OD )1 VXJJpUDQW XQH
ORFDOLVDWLRQ GH OD )$3 j OD VXUIDFH GH OD EDFWpULH 5DWOLII  9DOHQWLQ:HLJDQG





/H U{OH GH OD )$3 GDQV O¶LQWHUDFWLRQ DYHF OD )1 D pWp GpPRQWUp FKH] %&* )$3%
9HUEHOHQ  M. leprae )$3/ %\UG  6FKRUH\  M. a. 
paratuberculosis6HFRWWHWODFDUDFWpULVDWLRQPROpFXODLUHSOXVSUpFLVHGH
OD)$3DpWpUpDOLVpHFKH]M. avium)$3$6KRUH\=KDR0LGGHOWRQ
     HWM. a. paratuberculosis )$33 9DOHQWLQ:HLJDQG 
6HFRWW
'HX[ VLWHV GH OLDLVRQ j OD )1 HQ SRVLWLRQ  DD HW  DD VXU OD )$3$ RQW pWp
LGHQWLILpVSDU O¶XWLOLVDWLRQGHSHSWLGHVV\QWKpWLTXHV&HVGHX[PRWLIVVRQWFRQVHUYpVFKH]M. 
leprae HWM. tuberculosis DYHF SOXV GH  G¶LGHQWLWp DORUV TXH OD )$3 GHM. smegmatis
SUpVHQWHXQLTXHPHQWOHPRWLIDDTXLHVWFDSDEOHG¶LQKLEHUjOXLVHXOODOLDLVRQGHOD
)$3/HWGH OD)$3$DYHF OD)1/¶DGKpVLRQGHM. aviumHW%&*j OD)1HVWpJDOHPHQW
LQKLEpHSDUOHSHSWLGHDDVXJJpUDQWTXHOD)$3/HW)$3$LQWHUDJLVVHQWDYHFOD)1
SDU XQPpFDQLVPH VLPLODLUH 6KRUH\  /H PRWLI PLQLPXP SUpVHQW GDQV OH SHSWLGH
 DD GH )$3$ QpFHVVDLUH j O¶LQWHUDFWLRQ DYHF OD )1 D pWp GpILQL SDU PXWDJpQqVH
GLULJpH,OV¶DJLWGXPRWLI5:)9TXLHVWLQGLVSHQVDEOHjO¶LQWHUDFWLRQGHOD)$3$DYHF
OD )1 /HV PXWDWLRQV VXFFHVVLYHV G¶XQ DFLGH DPLQp j O¶DXWUH QH VRQW SDV VXIILVDQWHV SRXU
FRPSOqWHPHQWDEROLUODOLDLVRQGHOD)$3$DYHFOD)13DUFRQWUHVLOHVDFLGHVDPLQpVVRQW
GpOpWpVVLPXOWDQpPHQW O¶DFWLYLWpGHOLDLVRQjOD)1HVWFRPSOqWHPHQWSHUGXH&HPRWLIGH









/D FDUDFWpULVDWLRQ in vitro GX U{OH GH OD )$3/ VXU GHV FHOOXOHV pSLWKpOLDOHV7 HW VXU GHV
FHOOXOHV GH 6FKZDQQ -6 D PRQWUp TXH O¶DMRXW GH )1 DXJPHQWH IRUWHPHQW O¶DGKpVLRQ HW
O¶LQWHUQDOLVDWLRQGHM. lepraeVXUFHVGHX[W\SHVFHOOXODLUHV3OXVLHXUVPpWKRGHVRQWSHUPLVGH
PHWWUHHQpYLGHQFHO¶LPSRUWDQFHGHOD)$3/GDQVO¶LQWHUDFWLRQDYHFODFHOOXOHFLEOH L/HV
PpWKRGHVG¶LQKLELWLRQ ODSUpLQFXEDWLRQGHM. leprae DYHFGHV DQWLFRUSVSRO\FORQDX[DQWL
)$39 DQWL)$3/ RX DQWL)1 LQGXLW XQH GLPLQXWLRQ GH O¶DGKpVLRQ HQ EORTXDQW GH IDoRQ
GLUHFWH O¶DGKpVLQH )$3 RX LQGLUHFWH YLD OD )1 TXL VHUW GH PpGLDWHXU SRXU O¶DGKpVLRQ
FHOOXODLUH LL /¶DGGLWLRQ GH )$3/ SXULILpH RX UHFRPELQDQWH HQ SUpVHQFH GH M. leprae
HQJHQGUHXQSKpQRPqQHGHFRPSpWLWLRQHQWUHFHVPROpFXOHVSRXUOHVVLWHVGHOLDLVRQjOD)1
6KRUH\'HSOXVO¶DGKpVLRQGHM. aviumHWM. tuberculosisHVWLQKLEpHSDUGHVWHVWV





/D FRQVWUXFWLRQ G¶XQ PXWDQW GHM. smegmatis SRXU OH JqQH fap D PRQWUp XQH GLPLQXWLRQ
G¶DGKpUHQFH j OD0( TXL HVW UHVWDXUpH SDU FRPSOpPHQWDWLRQ DYHF XQ YHFWHXU H[SULPDQW OD
)$3$0LGGOHWRQ'HSOXVXQPXWDQWGHM. a. paratuberculosis














M. a. paratuberculosis SRXU OH JqQH fap FRQILUPDQW OH U{OH HVVHQWLHO GH OD )$33 GDQV OD
GLVVpPLQDWLRQGXEDFLOOH6HFRWW
La FAP joue un rôle important dans l’adhésion et l’invasion des cellules épithéliales.
Plusieurs sites de liaison à la FN ont été mis en évidence sur la FAP exprimée par des 
mycobactéries.  
,, 5pFHSWHXUVFHOOXODLUHV
/HV LQWpJULQHVIRQWSDUWLHGHV UpFHSWHXUVFHOOXODLUHVXWLOLVpVSDU OHVPLFURRUJDQLVPHVSRXUVH
OLHUjODFHOOXOHK{WHYLDOHVPROpFXOHVG¶DGKpUHQFHFRPPHOD)1
/HVFHOOXOHV0VRQWOHVVHXOHVFHOOXOHVGHO¶pSLWKpOLXPLQWHVWLQDOjH[SULPHUXQHIRUWHGHQVLWp
GH ȕ LQWpJULQH GDQV OD OXPLqUH &ODUN  /D FKDvQH ȕ HW O¶LQWpJULQH Įȕ RQW pWp
LGHQWLILpHV in vitroVXUFHOOXOHV530,7HWSDULPPXQREORWFRPPHOHUpFHSWHXUGHV
P\FREDFWpULHV RSVRQLVpHV SDU OD )1 %\UG  .XURGD  /¶XWLOLVDWLRQ
G¶DQWLFRUSVVSpFLILTXHVDQWLLQWpJULQHDPLVHQpYLGHQFHO¶LPSRUWDQFHGHVFKDvQHVĮĮ9ȕ
HWȕVXUO¶LQYDVLRQGHVFHOOXOHV0SDUM. a. paratuberculosis(QHIIHWXQHFRORFDOLVDWLRQGH
OD )$33 HW GH O¶LQWpJULQH Įȕ VXU FHOOXOHV+HS SDUPLFURVFRSLH D FRQILUPp FH UpVXOWDW
6HFRWW
Les mycobactéries interagissent avec la cellule hôte via la FAP exprimée à la surface qui 
est capable de se lier à la FN. L’un des récepteurs cellulaires majeurs de la FN impliqué 




3$*( HVW GXH j OD SUpVHQFH GHPRGLILFDWLRQV SRVWWUDGXFWLRQQHOOHV VXELHV SDU OD SURWpLQH
/¶DQDO\VH SDU VSHFWURPpWULH GH PDVVH D SHUPLV GH PHWWUH HQ pYLGHQFH OH SURILO GHV
PRGLILFDWLRQVSUpVHQWHVVXUOD)$3GHM. tuberculosisM. bovis%&*HWVXUODVRXFKHGHM. 
smegmatis UHFRPELQDQWSRXUOD)$3GHM. tuberculosis/HPDQQRVHHW O¶DUDELQRVHVRQW OHV
GHX[VXFUHVGpWHFWpVHWSUpVHQWVGHjUpVLGXVSDUPROpFXOHFHTXLPRQWUHTXHOD)$3HVW
JO\FRV\OpH (Q FRPSDUDLVRQ DYHF OD )$3 QDWLYH OD )$3 UHFRPELQDQWH GDQVM. smegmatis
,QWURGXFWLRQ&KDSLWUH

SUpVHQWH GHV JO\FRV\ODWLRQV DORUV TX¶XQH )$3 H[SULPpH GDQV E. coli QH PRQWUH SDV GH
PRGLILFDWLRQV /¶DERQGDQFH HW OH GHJUp GH JO\FRV\ODWLRQ HVW SOXV IDLEOH FKH] OHV )$3
UHFRPELQDQWHVGDQVM. smegmatisTXHFKH]OHVSURWpLQHVQDWLYHV+RUQ
/HPRGqOHGXFRFKRQG¶,QGHSUpDODEOHPHQW LPPXQLVpSDUOH%&*DpWpXWLOLVpSRXUPHWWUH









La FAP sous sa forme native subit des modifications post-traductionnelles identifiées 




DQLPDX[ LQIHFWpV SDU M. bovis PDLV HVW UHFRQQXH SDU FHX[ G¶DQLPDX[ DWWHLQWV GH
SDUDWXEHUFXORVH *LRIIUH 'HV DQWLFRUSVPRQRFORQDX[ DQWL)$33 VRQW FDSDEOHVGH
UHFRQQDvWUH VSpFLILTXHPHQW M. a. paratuberculosis ORUV G¶XQH LQIHFWLRQ in vitro GH
PDFURSKDJHV5DZPDLVDXVVLVXUGHVWLVVXVG¶DQLPDX[LQIHFWpV6RX]D(Q















,, ©Laminin Binding Proteinª
,, ,QWHUDFWLRQGHM. lepraeDYHFODODPLQLQH
M. leprae HQYDKLW OHV FHOOXOHV GH 6FKZDQQ GX V\VWqPH QHUYHX[ SpULSKpULTXH GDQV OD SKDVH
SUpFRFHGHO¶LQIHFWLRQ&HWURSLVPHHVWGjODSUpVHQFHSUpGRPLQDQWHG¶XQYDULDQWGHOD/P
SUpVHQWGDQV OD ODPLQDSURSULDGHV FHOOXOHVGH6FKZDQQ/¶LVRIRUPH LGHQWLILpH HVW OD /P
FRQVWLWXpH G¶XQH FKDvQH Į ȕ HW Ȗ /D FKDvQH Į pJDOHPHQW DSSHOpH PpURVLQH HVW
VSpFLILTXH GHV FHOOXOHV QHUYHXVHV GHV FHOOXOHV PXVFXODLUHV VWULpHV HW GHV FHOOXOHV
WURSKREODVWLTXHV DORUV TXH OHV FKDvQHV ȕ HW Ȗ VRQW H[SULPpHV SDU GH QRPEUHX[ W\SHV
FHOOXODLUHV /HLYR  (Q HIIHW FHWWH SUpIpUHQFH G¶DGKpVLRQ j OD /P  D pWpPLVH HQ
pYLGHQFHVXUXQHPDWULFHLVROpHPRQWUDQWXQHDIILQLWpSOXVIRUWHGHM. lepraeSRXUOD/PTXH
SRXUOD/POH)1OHV+63*RXHQFRUHOHFROODJqQH,95DPEXNNDQD
'HV VRXULV GpILFLHQWHV SRXU O¶H[SUHVVLRQ GH OD FKDvQH Į DYHF XQH H[SUHVVLRQ QRUPDOH GHV
FKDvQHVȕHWȖRQWpWpXWLOLVpHVSRXUXQHH[SpULHQFHin situ2QREVHUYHTXHO¶DGKpVLRQGHM. 
leprae DX[QHUIVSpULSKpULTXHVGHVRXULVGpILFLHQWHVHQFKDvQHĮGH OD/PHVW UpGXLWHGH
FRPSDUp j FHOOHREVHUYpH VXU OHV VRXULV FRQWU{OH VXJJqUDQWXQ U{OH LPSRUWDQW GH FHWWH
FKDvQHGDQVO¶DGKpVLRQGHM. leprae5DPEXNNDQD
/HGRPDLQHG¶LQWHUDFWLRQGHODFKDvQHĮGHOD/PDYHF M. lepraeDSXrWUHLGHQWLILpJUkFHj
O¶H[SUHVVLRQ GH IRUPHV UHFRPELQDQWHV WHVWpHV VXU PDWULFH LVROpH HW in vitro VXU FHOOXOHV GH
6FKZDQQ 67 /HV UpVXOWDWV PRQWUHQW TXH OH GRPDLQH * FRQWHQX GDQV OD SDUWLH &
WHUPLQDOH HVW GLUHFWHPHQW LPSOLTXp GDQV O¶DGKpVLRQ GH M. leprae DX[ FHOOXOHV QHUYHXVHV
5DPEXNNDQD(QFRPSDUDLVRQjM. lepraeOHVSURSULpWpVG¶DGKpVLRQjODFKDvQHĮ
GH OD /P  GH RQW pWp pYDOXpHV FKH] M. smegmatisM. tuberculosis HWM. chelonae /HV
UpVXOWDWVPRQWUHQWXQHDGKpVLRQVLPLODLUHSRXUWRXWHVOHVHVSqFHVP\FREDFWpULHQQHVWHVWpHV/H
SUpWUDLWHPHQW GHM. leprae DYHF GH OD FKDvQH Į DXJPHQWH VRQ DGKpVLRQ DX[ FHOOXOHV GH
6FKZDQQ 67 GH SOXV GH  IRLV FRPSDUp DX[ EDFWpULHV QRQ WUDLWpHV YLVXDOLVpHV SDU




Į GH OD /P  HW G¶DGKpUHU DX[ FHOOXOHV GH 6FKZDQQ 67 &HWWH pWXGH SURXYH TXH OH
WURSLVPHGHM. lepraeSRXU OHVFHOOXOHVGH6FKZDQQQ¶HVWSDVXQLTXHPHQWGj ODSUpVHQFH
G¶XQH DGKpVLQH PDLV TX¶LO HVW PpGLp SDU GH PXOWLSOHV IDFWHXUV FHOOXODLUHV HW EDFWpULHQV
0DUTXHV
Le tropisme de M. leprae pour les cellules de Schwann est, entre autres, dû à la présence de 
la Lm 2 et plus précisement à la chaîne α2 qui facilite l’adhésion de la bactérie par la 
formation d’un pont entre une molécule de surface de M. leprae et les cellules de Schwann.  
,, &DUDFWpULVDWLRQGHODLaminin Binding Protein/%3
/DPROpFXOHGHVXUIDFHSUpVHQWHFKH]M. lepraeLPSOLTXpHGDQVO¶LQWHUDFWLRQDYHFOD/PDpWp
LGHQWLILpHSDU6KLPRMLet al HQXWLOLVDQW O¶DIILQLWpGHM. lepraeSRXU OD/P8QHSURWpLQH
DYHF XQ SRLGV PROpFXODLUH DSSDUHQW GH  N'D D pWp SXULILpH DYHF XQ SRLGV PROpFXODLUH
WKpRULTXH GH a N'D &HWWH SURWpLQH D GRQF pWp DSSHOpH 0//%3 (OOH SUpVHQWH XQH
VpTXHQFH SURWpLTXH GH  DD ULFKH HQ DODQLQH  HW O\VLQH a UpSDUWLV GDQV VRQ
GRPDLQH &WHUPLQDO VRXV IRUPH GH UpSpWLWLRQ ;..; GRQQDQW j OD SURWpLQH XQH FKDUJH
SRVLWLYHpOHYpH6KLPRML2QSHXWpJDOHPHQWUHWURXYHUOD0//%3VRXVOHQRPGH
+XS%©Histone like proteinª+OSRX©Mycobacterial DNA binding protein 1ª0'3
&HV QRPV SURYLHQQHQW GH OD IRUWH KRPRORJLH GH VpTXHQFH DYHF OD +8 GHE. coli HW GH VD
FDSDFLWpjIL[HUO¶$'1GpPRQWUpHSDUOD/%3GH%&*0DUTXHV$RNL
/D /%3 HVW FRQVHUYpH FKH] GH QRPEUHXVHV HVSqFHV P\FREDFWpULHQQHV 6KLPRML 
$RNL0DOJUpO¶DEVHQFHGHSHSWLGHVLJQDOGDQVODSDUWLH1WHUPLQDOHOD/%3GHM. 
lepraeHWGH%&*DpWpYLVXDOLVpHjODVXUIDFHGHODEDFWpULHHWGDQVODSDUWLHPHPEUDQDLUHSDU
PLFURVFRSLH pOHFWURQLTXH HW LPPXQREORW UHVSHFWLYHPHQW 6KLPRML  $RNL 
/DFDSDFLWpGHOD0//%3jVHOLHUVHXOHjOD/PDpWppWXGLpHSDUGLIIpUHQWHVPpWKRGHV
LQGpSHQGDQWHV /¶DGKpUHQFH GH OD 0//%3 DX GRPDLQH * GH OD /P  D pWp PLVH HQ
pYLGHQFHSDU:%HW(/,6$HWVRQU{OHGDQVO¶DGKpVLRQHWO¶LQYDVLRQGHVFHOOXOHVGH6FKZDQQ







GLIIpUHQFH SDU UDSSRUW j OD VRXFKH VDXYDJH GDQV VD FDSDFLWp G¶DGKpVLRQ DX[ FHOOXOHV GH
6FKZDQQ 67 0DUTXHV  &H UpVXOWDW PRQWUH TXH OD /%3 Q¶HVW SDV OD VHXOH
PROpFXOHj MRXHUXQ U{OHGDQV O¶DGKpVLRQGXEDFLOOHDX[FHOOXOHVpSLWKpOLDOHVRXTXH OD/%3
H[SULPpHSDUM. smegmatisQ¶DSDVOHPrPHU{OHTXHFHOOHH[SULPpHSDUM. leprae
Une des molécules impliquées dans l’adhésion de M. leprae est la LBP exprimée à la 




VXU OHVFHOOXOHVGH6FKZDQQ (LQKHEHU$ILQGHGpWHUPLQHUTXHOOHV VRQW OHVFKDvQHV
G¶LQWpJULQHVLPSOLTXpHVGDQVODOLDLVRQGHOD/PXQHpWXGHin vitroDpWpUpDOLVpHjSDUWLUGH





/H U{OH GH OD FKDvQH ȕ GDQV O¶DGKpVLRQ GHM. leprae D pWpPRQWUp SDU XQ WHVW G¶LQKLELWLRQ










/H G\VWURJO\FDQH HVW LPSOLTXp GDQV O¶LQWHUDFWLRQ GH M. leprae DYHF OD 0( PpGLpH SDU OH




Ces études montrent que l’intégrine α6β4 et le domaine extracellulaire α-dystroglycane 
sont les deux récepteurs capables de médier l’adhésion de M. leprae aux cellules de 




L /HV LQWHUDFWLRQV pOHFWURVWDWLTXHV GpSHQGDQWHV GHV FKDUJHV SRVLWLYHV TXL SHUPHWWHQW
G¶LQWHUDJLUDYHFOHVPROpFXOHVFKDUJpHVQpJDWLYHPHQWWHOOHVTXHO¶$'1RXOHV*$*VLL/HV
LQWHUDFWLRQVPpGLpHV SDU OD UHFRQQDLVVDQFH GHPRWLIV FRPPH F¶HVW OH FDV SRXU OD /P  OH





HQFRUHJDODFWRVH'HSOXV O¶DGKpVLRQGH OD/%3DX[FHOOXOHV$HVW LQKLEpHSDU O¶DFLGH
K\DOXURQLTXHO¶KpSDULQHHWO¶$'1FHTXLFRQILUPHO¶LPSRUWDQFHGHFHWWHDGKpVLQH8QHpWXGH
in vivoPRQWUHTXHGHVVRXULVLQIHFWpHVDYHFXQHVRXFKHGH%&*SOXVGHO¶DFLGHK\DOXURQLTXH




 DD SDU (/,6$ JUkFH j GHV SHSWLGHV V\QWKpWLTXHV $RNL  &HWWH pWXGH HVW HQ
FRQWUDGLFWLRQDYHF O¶pWXGHGH6RDUHVGH/LPDet alTXLDPLVHQpYLGHQFHGHIDoRQSUpFLVH
O¶LPSOLFDWLRQGXGRPDLQH&WHUPLQDOGH OD/%3GHM. lepraeGDQV O¶LQWHUDFWLRQDYHF OD/P
O¶KpSDULQHHW OHVFHOOXOHVGH6FKZDQQ67SDULPPXQRIOXRUHVFHQFH6RDUHVGH/LPD
3DUODVXLWHO¶pWXGHPHQpHSDU3RUWXJDOet alPRQWUHSDU(/,6$©Nuclear Magnetic 
Resonanceª105 HW FKURPDWRJUDSKLH G¶DIILQLWp OD SUpVHQFH GH GHX[ VLWHV GH OLDLVRQ DX[






Plusieurs ligands ont été mis en évidence pour la LBP, à savoir : la Lm, l’héparine, le 
collagène I, les GAGs et l’acide hyaluronique, autant de facteurs qui favorisent l’adhésion 




smegmatis 3HWKH  /HV SUHPLqUHV DQDO\VHV SDU VSHFWURPpWULH GH PDVVH GHV
PRGLILFDWLRQV SRVWWUDGXFWLRQQHOOHV RQW UpYpOp OD SUpVHQFH G¶XQH PROpFXOH GH JOXFRVH
VXJJpUDQW TXH OD /%3 GH M. smegmatis pWDLW JO\FRV\OpH 3HWKH  (QVXLWH OH
VpTXHQoDJHSURWpLTXHGH ODSDUWLH&WHUPLQDOH DD DPRQWUpTXH OHVPRGLILFDWLRQV
SRUWpHV SDU OD /%3 GH M. smegmatis VRQW GHV PpWK\ODWLRQV PLVHV HQ pYLGHQFH SDU GHV
JURXSHPHQWVPpWK\OHV PRQR RX GL SUpVHQWV VXU OHV UpVLGXV O\VLQHV 3HWKH  /D
+%+$HW OD/%3RQWXQpSLWRSHFRPPXQUHFRQQXSDU O¶DQWLFRUSVPRQRFORQDO 'TXL
UHFRQQDvW XQLTXHPHQW OHV SURWpLQHV VRXV IRUPH PpWK\OpH GH IDoRQ QDWXUHOOH FKLPLTXH RX
UHFRPELQDQWHGDQVM. smegmatis0HQR]]L3HWKH3HWKH
/¶LPSDFWGHFHVPpWK\ODWLRQVVXUODFDSDFLWpG¶DGKpUHQFHGHOD/%3GHM. lepraeDpWpWHVWp




L’adhésine LBP produite par les mycobactéries subit des modifications post-
traductionnelles qui sont des méthylations mais celles-ci n’ont aucun impact sur la capacité 








TXH OHV/%3GHM. tuberculosis HWGHM. smegmatisRQWXQH IRUWHDIILQLWpSRXU O¶$'1/HV
pWXGHVPRQWUHQWTXHOHVGHX[GRPDLQHVGHOD/%3GH%&*VRQWLPSOLTXpVGDQVO¶LQWHUDFWLRQ
DYHFO¶$'16KDUDGDPPDDXVVLELHQOHGRPDLQH&WHUPLQDOSDUO¶LQWHUPpGLDLUHGHV
UpSpWLWLRQV GH O\VLQH HW G¶DODQLQH 3$.. HW 3$$. .XPDU  TXH OH GRPDLQH 1
WHUPLQDOYLDOHSHSWLGHDD/DPXWDJpQqVHGLULJpHQ¶DSDVSHUPLVGHPHWWUHHQpYLGHQFH
XQ VHXO DFLGH DPLQp UHVSRQVDEOH GH FHWWH LQWHUDFWLRQ /H PRWLI  DD HVW SDUIDLWHPHQW





:KLWHIRUG  'H SOXV O¶H[SUHVVLRQ GH OD /%3 SHQGDQW OD SKDVH GH GRUPDQFH HVW
VXUH[SULPpH GH  j  IRLV SOXV TXH SHQGDQW OD FURLVVDQFH2Q UHWURXYH FHWWH VXUH[SUHVVLRQ
ORUVTXH OD EDFWpULH HVW VRXPLVH j XQ FKRF WKHUPLTXH GH  & FH TXLPRQWUH TXH OD /%3
VHPEOHMRXHUXQU{OHGDQVODUpSRQVHjXQVWUHVVHQYLURQQHPHQWDORXHQFRUHSHQGDQWODSKDVH
GHGRUPDQFH
,O VHPEOHUDLW TXH OD /%3 GH %&* VRLW FDSDEOH GH FRQWU{OHU SDU XQH UpJXODWLRQ QpJDWLYH
O¶DVVHPEODJH GH OD SDURL /D /%3 HVW FDSDEOH GH VH OLHU GLUHFWHPHQW DX[ SURWpLQHV GX
FRPSOH[HDQWLJpQLTXHDLQVLTX¶DX[VXEVWUDWVFRPPH OH WUpKDORVHQpFHVVDLUHSRXU IDLUH OH
OLHQHQWUHO¶DFLGHP\FRODWHHWOHVVXFUHV/DIRQFWLRQGHUpJXODWHXUDpWpPLVHHQpYLGHQFHSDU
O¶pWXGHGHODFURLVVDQFHG¶XQHVRXFKHGHM. smegmatisPXWDQWHSRXUOD/%3HQFRPSDUDLVRQ
DYHF XQH VRXFKH VDXYDJH HW XQH VRXFKH PXWpH FRPSOpPHQWpH /HV WURLV VRXFKHV RQW XQH
FURLVVDQFH VLPLODLUHPDLV OD V\QWKqVH GHV DFLGHVP\FROLTXHV HVW IRUWHPHQW UpGXLWH SRXU OHV
VRXFKHV VDXYDJH HW FRPSOpPHQWpH DORUV TX¶LOV FRQWLQXHQW j rWUH V\QWKpWLVpV GDQV OD VRXFKH
PXWDQWHM. smegmatis/%3/¶DGGLWLRQGH/%3jIRUWHGRVHGLPLQXH ODFURLVVDQFHGH%&*
DORUV TXH OHV SURWpLQHV GX FRPSOH[H DQWLJpQLTXH  LQGXLW OD FURLVVDQFH7RXV FHV UpVXOWDWV
PRQWUHQWTXHOD/%3SUpVHQWHGDQVHWjODVXUIDFHGHODEDFWpULHHVWLPSOLTXpHGDQVOHFRQWU{OH
GHO¶DVVHPEODJHGHODSDURL.DWVXEH
5pFHPPHQW LO D pWp GpPRQWUp TXH OHV /%3 GH %&* M. tuberculosis HW M. leprae VRQW




(QILQ OH U{OHGDQV ODGpWR[LILFDWLRQGX IHUDpWpPLVHQpYLGHQFHJUkFHjXQHVRXFKHGHM.
smegmatis GpOpWpH SRXU OD /%3PRQWUDQW XQ WDX[ GH VXUYLH  IRLV LQIpULHXU j OD VRXFKH
VDXYDJH HQ SUpVHQFH GH+ QpFHVVDLUH j OD WUDQVIRUPDWLRQ GX )H HQ )H 7DNDWVXND
&HVUpVXOWDWVVXJJqUHQWTXHOD/%3VHUDLWLPSOLTXpHGDQVOHSURFHVVXVGHGpWR[LILFDWLRQ
HWGHVWRFNDJHGXIHUQpFHVVDLUHjODFURLVVDQFHGHODEDFWpULH
Toutes ces études montrent qu’en dehors de son rôle d’adhésine, la LBP a d’autres 
fonctions indispensables à la viabilité de la bactérie. 

,, ©Heparin Binding HemAgglutininª
,, ,GHQWLILFDWLRQHWORFDOLVDWLRQ
&¶HVW GDQV OHV DQQpHVTXHSRXU ODSUHPLqUH IRLV0HQR]]L et al RQWPRQWUp in vitro VXU
FHOOXOHV pSLWKpOLDOHV &+2 HW PDFURSKDJHV -$ TXH O¶DGKpUHQFH GH %&* HVW
VSpFLILTXHPHQWLQKLEpHSDUGHVVXFUHVVXOIDWpVHWFHODXQLTXHPHQWVXUOHVFHOOXOHVpSLWKpOLDOHV
/HV VXFUHV VLPSOHV FRPPH OH GH[WUDQ OH PDQQRVH RX OH JDODWRVH QH VRQW SDV FDSDEOHV
G¶LQKLEHU O¶DGKpVLRQGH%&*VXJJpUDQWTX¶XQHPROpFXOHH[SULPpHj ODVXUIDFHGH%&*HVW
FDSDEOH G¶LQWHUDJLU DYHF OHV FHOOXOHV pSLWKpOLDOHV YLD OHV VXFUHV VXOIDWpV (Q XWLOLVDQW FHWWH
SURSULpWpG¶DIILQLWpSRXUOHVVXFUHVVXOIDWpVXQHSURWpLQHGHN'DDpWpLVROpHG¶XQO\VDWGH
%&*HWGHM. tuberculosis(OOHDpWpQRPPpH©Heparin Binding HemAgglutinin »+%+$
FDU HOOH HVW FDSDEOH G¶DJJOXWLQHU GHV KpPDWLHV GH ODSLQ GH IDoRQ GRVH GpSHQGDQWH PDLV
pJDOHPHQW G¶LQGXLUH O¶DJUpJDWLRQ GH M. tuberculosis /¶XWLOLVDWLRQ GH O¶DQWLFRUSV '
VSpFLILTXHGH OD+%+$DSHUPLVGH ODGLVWLQJXHU FODLUHPHQW GH OD)$3HW GHVSURWpLQHVGX
FRPSOH[HDQWLJpQLTXH0HQR]]L&HVFDSDFLWpVG¶KpPDJJOXWLQDWLRQG¶DJUpJDWLRQ
HWG¶DGKpVLRQGHOD+%+$GH%&*VRQWLQKLEpHVSDUFHWDQWLFRUSVDQWL+%+$'
/D+%+$DpWp ORFDOLVpH HQ VXUIDFHGH ODEDFWpULHG¶XQHSDUWSDUPLFURVFRSLH pOHFWURQLTXH
0HQR]]LHWG¶DXWUHSDUWSDU©Atomic Force Microscopyª$)0'XSUpV
/H U{OH GH OD +%+$ GDQV O¶DGKpVLRQ FHOOXODLUH EDFWpULHQQH D pWpPLV HQ pYLGHQFH in vitro
JUkFH j GHV VRXFKHV GH %&* HW GHM. tuberculosis GpILFLHQWHV SRXU OH JqQH GH OD +%+$
WHVWpHVVXUFHOOXOHVpSLWKpOLDOHV$HWFHOOXOHVSKDJRF\WDLUHV -$0+6HW8








La HBHA est impliquée dans la liaison aux cellules non phagocytaires par l’intermédiaire 












O¶DQFUDJH GH OD+%+$j OD VXUIDFH GH OD EDFWpULH 'HORJX %LHQ TXH OD+%+$QH
SUpVHQWHSDVGHSHSWLGHVLJQDOGHW\SH/3;7*;GDQVVDSDUWLH1WHUPLQDOHHOOHHVWH[SRVpHj
ODVXUIDFHGHODEDFWpULH0HQR]]LLL/HGRPDLQHFRLOHGFRLODDSRXUUDLW
LQWHUYHQLU GDQV O¶LQWHUDFWLRQ SURWpLQHSURWpLQH SRXU IRUPHU GHV GLPqUHV RX PXOWLPqUHV GH




.$$3$. HW .$$3$. UpSpWpHV WURLV IRLV SRXU FKDFXQH G¶HOOH &H GRPDLQH HVW OH VLWH
)LJXUH&DUDFWpULVDWLRQPROpFXODLUHGHOD+%+$GHM. tuberculosis





G¶LQWHUDFWLRQ DYHF OHV *$*V HW OHV UpVLGXHV SUROLQHV SUpVHQWV GDQV FH W\SH GH UpSpWLWLRQ
.$$3$.MRXHQWXQU{OH LPSRUWDQWGDQV O¶DGKpVLRQ/HEUXQ 3HWKH OH





'HX[ QRPHQFODWXUHV SRXU OHV UpSpWLWLRQV SHXYHQW rWUH DSSOLTXpHV FHOOH GH /HEUXQ et al.,
GpFULWH FLGHVVXV RX FHOOH GH 3HWKH et al., TXL GpILQLW 5 ..$$3$ HW 5 ..$$$..
/¶LPSRUWDQFHGHFHVUpSpWLRQVG¶DODQLQHHWGHO\VLQHGDQVO¶LQWHUDFWLRQDYHFO¶K{WHDpWpPLVH
HQpYLGHQFH/DSURGXFWLRQG¶XQH+%+$UHFRPELQDQWHWURQTXpHGHVRQGRPDLQH&WHUPLQDO




DIILQLWpREVHUYpHSRXUOD+%+$HQWLqUH'HSOXVOD©Maltose Binding Protein »0%3TXL









/DSXULILFDWLRQGH OD+%+$SURGXLWHSDU O¶HVSqFHM. smegmatis +%+$06HVSqFHQRQ
SDWKRJqQH SDU FKURPDWRJUDSKLH G¶DIILQLWp SRXU O¶KpSDULQH GDQV OHV FRQGLWLRQV VWDQGDUG
GpFULWHVSRXUOD+%+$GH%&*+%+$%&*Q¶DSDVDERXWL)DFHjFHWpFKHFO¶DQDO\VHin
silico GH OD VpTXHQFH GH +%+$06 D PRQWUp XQ FDGUH RXYHUW GH OHFWXUH FRGH SRXU XQH
SURWpLQH GH  DD(Q FRPSDUDLVRQ DYHF OD+%+$%&*RQ UHPDUTXH TXH OH GRPDLQH&






O¶LPSRUWDQFH GX QRPEUH HW GH OD UpSDUWLWLRQ GHV FKDUJHV SRVLWLYHV SRUWpHV SDU OD SDUWLH &
WHUPLQDOH /¶pWXGH GH O¶LQWHUDFWLRQ GH OD +%+$06 DYHF OHV FHOOXOHV pSLWKpOLDOHV $ D
PRQWUp XQH DEVHQFH G¶DGKpVLRQ TXL SHXW V¶H[SOLTXHU SDU OH IDLW TXHM. smegmatis HVW XQH
HVSqFH VDSURSK\WH QRQSDWKRJqQH TXL Q¶D GRQF SDV EHVRLQ G¶LQWHUDJLU DYHF XQ K{WH %LHW

Les répétitions de résidus alanine et lysine présentes sur la partie C-terminale de la HBHA 
sont indispensables pour l’interaction avec la cellule hôte. 

,, 0RGLILFDWLRQVSRVWWUDGXFWLRQQHOOHV
7RXW FRPPH OD /%3 OH SRLGVPROpFXODLUH DSSDUHQW GH OD +%+$ QDWLYH GH %&* +%+$
%&* HVW VXSpULHXU j FHOXL GH OD +%+$ UHFRPELQDQWH SURGXLWH GDQVE. coli 0HQR]]L
&HWWHGLIIpUHQFHGHWDLOOHHVWGXHjODSUpVHQFHGHPRGLILFDWLRQVSRVWWUDGXFWLRQQHOOHV
LGHQWLILpHV SDU VSHFWURPpWULHGHPDVVHGDQV OD UpJLRQ&WHUPLQDOHTXL VRQW HVVHQWLHOOHPHQW
GHVPpWK\ODWLRQVPLVHVHQpYLGHQFHSDUODSUpVHQFHGHJURXSHPHQWVPpWK\OHVVXUOHVUpVLGXV
GH O\VLQHV VRXV IRUPH PRQR RX GLPpWK\OHV 3HWKH  /HV PpWK\ODWLRQV VRQW
FDWDO\VpHVSDUXQHRXSOXVLHXUV6DGHQRV\O/PpWKLRQLQHHWODUpDFWLRQHQ]\PDWLTXHDOLHXDX
QLYHDX GH OD SDURL 3HWKH  +RVW (Q UHYDQFKH OHV SURILOV GHPpWK\ODWLRQ
FRPPHOHVPpWK\OWUDQVIpUDVHVLPSOLTXpHVGDQVFHSURFHVVXVQHVRQWSDVFRQQXHVjFHMRXU
'HX[ U{OHV PDMHXUV RQW pWp DWWULEXpV j FHV PpWK\ODWLRQV '¶XQH SDUW HOOHV RQW XQ U{OH GH
SURWHFWLRQGHOD+%+$FRQWUHODSURWpRO\VHHWG¶DXWUHSDUWHOOHVFRQIqUHQWjODSURWpLQHXQH
LPPXQRJpQLFLWp/DVWDELOLWpGHOD+%+$UHFRPELQDQWHU+%+$PpWK\OpHHWQRQPpWK\OpHD
pWp WHVWpH in vitro SDU O¶LQFXEDWLRQ GH OD SURWpLQH HQ SUpVHQFH GH WU\SVLQH RX GH IOXLGH
DOYpRODLUH DYHF RX VDQV LQKLELWHXU GH SURWpDVH /HV UpVXOWDWV REWHQXV VDQV LQKLELWHXU GH
SURWpDVH PRQWUHQW TXH OD U+%+$%&* HVW IRUWHPHQW GpJUDGpH DSUqV K GH FRQWDFW
0HQR]]L  /D FDSDFLWp j LQGXLUH XQH UpSRQVH LPPXQLWDLUH D pWpPLVH HQ pYLGHQFH





L’adhésine HBHA subit des modifications post-traductionnelles représentées par des 
méthylations sur les résidus lysines sur son domaine C-terminal. Ces modifications 




WHVWV in vivo RQW SX rWUH UpDOLVpV FKH] OD VRXULV$SUqV LQRFXODWLRQ SDU YRLH LQWUDQDVDOH OH
















ORJ O¶LQIHFWLRQ jM. tuberculosis FKH] OD VRXULV &HV UpVXOWDWV PHWWHQW HQ pYLGHQFH TXH OHV
PpWK\ODWLRQV VRQW LQGLVSHQVDEOHV j O¶LPPXQRJpQLFLWp GH OD +%+$%&* 3DUUD 
*XHUUHR&HSHQGDQWOHGRPDLQH1WHUPLQDOGHOD+%+$HVWpJDOHPHQWFDSDEOHjOXL
VHXO G¶LQGXLUH XQH UpSRQVH LPPXQLWDLUH FHOOXODLUH HW KXPRUDOH *XHUUHUR 
7HPPHUPDQ  &HWWH FDSDFLWp j LQGXLUH XQH UpSRQVH SURWHFWULFH D pWp pWXGLpH DILQ











FHOOXODLUH HQPHVXUDQW ODTXDQWLWp G¶,)1Ȗ VpFUpWp DSUqV VWLPXODWLRQGHV/7SDUXQDQWLJqQH
$FWXHOOHPHQWGHX[DQWLJqQHV VRQWXWLOLVpVGDQV OHVNLWVFRPPHUFLDOLVpV OD ©Early Secreted 




%&* XWLOLVpH FRPPH DQWLJqQH VWLPXODQW /HV UpVXOWDWV PRQWUHQW TX¶HOOH HVW UHFRQQXH




DSUqV VWLPXODWLRQ SDU OD Q+%+$%&* HVW SOXV IDLEOH TXH FHOXL PHVXUp DYHF OHV DQWLJqQHV
(6$7HW&)3+RXJDUG\
/D FURLVVDQFH OHQWH GHV P\FREDFWpULHV HVW XQ SUREOqPH PDMHXU j VXUPRQWHU SRXU SRXYRLU
SXULILHU ODQ+%+$%&*'HORJXet al.RQWDQDO\VpODFDSDFLWpVWLPXODWULFHGHOD+%+$GH
M. tuberculosis H[SULPpH GDQV M. smegmatis U+%+$07%6PJ P\FREDFWpULH j
FURLVVDQFH UDSLGH TXL SHUPHWWHUDLW GH SXULILHU OD SURWpLQH HQ JUDQGH TXDQWLWp /D U+%+$










Ces études montrent que la HBHA est un facteur de dissémination extra-pulmonaire de la 

















VXUYLH GDQV O¶RUJDQLVPH K{WH &HV pWXGHV G¶LQWHUDFWLRQ K{WHP\FREDFWpULH RQW SHUPLV GH
PHWWUH HQ pYLGHQFH GHX[ DGKpVLQHV PDMHXUHV QRPPpHV +%+$ Heparin Binding 
HemAgglutininHW/%3Laminin Binding Protein LPSOLTXpHVGDQVOHSURFHVVXVG¶DGKpVLRQ
GHODEDFWpULH0HQR]]L6KLPRML
0DOJUpVDGpFRXYHUWHLO\DSOXVG¶XQVLqFOHODSDUDWXEHUFXORVHUHVWHXQHGHVPDODGLHVERYLQHV
OHV SOXV SUpRFFXSDQWHV HQ )UDQFH FRPPH GDQV OD SOXSDUW GHV SD\V LQGXVWULDOLVpV /D
SUpYDOHQFHGHFHWWHSDWKRORJLHQHFHVVHGHSURJUHVVHUGHSXLVO¶pFKHFGHVSODQVGHPDvWULVHHW
GHFRQWU{OHPLVHQSODFHGHSXLVSOXVLHXUVGpFHQQLHV8QDXWUHpOpPHQWjFRQVLGpUHUHVWTXHM. 




HW SOXV SDUWLFXOLqUHPHQW O¶LOpRQ HW OH MpMXQXP OHV PpFDQLVPHV PROpFXODLUHV G¶LQWHUDFWLRQ
G¶HQWUpH HW GH GLVVpPLQDWLRQ GX EDFLOOH UHVWHQW ODUJHPHQW PpFRQQXV &ODUNH 
&HUWDLQHVpWXGHVVXJJqUHQWTX¶HQGHKRUVGHVFHOOXOHV0OHVHQWpURF\WHVSRXUUDLHQWpJDOHPHQW
rWUH XQH SRUWH G¶HQWUpH SRXU M. a. paratuberculosis 6DQJDUL  6FKOHLJ 
%HUPXGH]'DQV OD OLWWpUDWXUH VHXOHPHQWTXHOTXHV DUWLFOHVGpFULYHQWGHVPROpFXOHV
LPSOLTXpHV GDQV O¶DGKpVLRQ GX EDFLOOH DX[ FHOOXOHV pSLWKpOLDOHV OD )$3 Fibronectin 




LQIOXHQFHU O¶DGKpVLRQ GHM. a. paratuberculosis DX[ FHOOXOHV pSLWKpOLDOHV'DQV FH FRQWH[WH
PRQ SURMHW GH WKqVH YLVH j SURJUHVVHU GDQV OD FRPSUpKHQVLRQ GX PpFDQLVPH G¶LQWHUDFWLRQ
HQWUHM. a. paratuberculosisHWOHVFHOOXOHVpSLWKpOLDOHVLQWHVWLQDOHV&HWWHpWXGHSRUWHUDVXUOD
FDUDFWpULVDWLRQ HW OD GpILQLWLRQ GX U{OH GHV DGKpVLQHV +%+$ HW /%3 SURGXLWHV SDU M. a. 





a. paratuberculosis SHUPHWWUD XQH DQDO\VH in silico /D ORFDOLVDWLRQ HW O¶H[SUHVVLRQ GHV
SURWpLQHV FRGpHV SDU OHV JqQHVhbhA HW lbp VHUD YLVXDOLVpH SDUZHVWHUQEORW /H FORQDJH HW
O¶H[SUHVVLRQ GH FHV SURWpLQHV HQ V\VWqPH KpWpURORJXH FKH]E. coli HWM. smegmatis VHURQW





M. a. paratuberculosisSDUFKURPDWRJUDSKLHG¶DIILQLWpSRXU O¶KpSDULQHVHUDQpFHVVDLUHSRXU
UpDOLVHUOHXUFDUDFWpULVDWLRQELRFKLPLTXH
5HODWLRQ VWUXFWXUHIRQFWLRQ/HV SURSULpWpV DGKpVLYHV GHV SURWpLQHV+%+$HW /%3
VHURQW DQDO\VpHV in vitro VXU PDWULFHV LVROpHV KpSDULQH /P FROODJqQH SDU (/,6$ HW VXU
GLIIpUHQWV W\SHVGH FHOOXOHV pSLWKpOLDOHV1RXVXWLOLVHURQVGHVELOOHV UHFRXYHUWHVGHSURWpLQHV
UHFRPELQDQWHV DILQ GH UpDOLVHU GHV WHVWV G¶DGKpVLRQ VXU GLIIpUHQWHV OLJQpHV FHOOXODLUHV
LQWHVWLQDOHVSXOPRQDLUHVRXPDPPDLUHVHWG¶RULJLQHKXPDLQHRXERYLQHSURYHQDQWG¶K{WHV
HWG¶RUJDQHVGLIIpUHQWV
 ,PPXQRORJLTXH /¶DQWLJpQLFLWp HW O¶LPPXQRJpQLFLWp GH FHV SURWpLQHV VHURQW
GpWHUPLQpHVSRXUGpILQLU OHSRWHQWLHOGLDJQRVWLTXHGHFHVSURWpLQHVGDQVODSKDVHSUpFRFHGH
O¶LQIHFWLRQ3RXU FHODQRXVXWLOLVHURQVGHV WHVWV VpURORJLTXHV HW OHV WHVWV ,*5$V HQXWLOLVDQW
FRPPH DQWLJqQH OH 33'M OD+%+$ HW OD /%3 DILQ G¶H[DPLQHU OHXU FDSDFLWp j LQGXLUH XQH
UpSRQVH7KYLDOHGRVDJHGHO¶,)1Ȗ
3DUODVXLWHODPLVHHQpYLGHQFHG¶XQUpFHSWHXUFHOOXODLUHSRXUUDrWUHHQYLVDJpHSDU
WUDLWHPHQW GHV FHOOXOHV DYHF GHV HQ]\PHV VSpFLILTXHV SDU H[HPSOH GH O¶KpSDULQDVH RX GH OD
FKRQGURLWLQDVH'HSOXVXQH pWXGHPHQpHFKH]M. tuberculosis DPRQWUpTXH OHJqQHhbhA













$UWLFOH ,  &KDUDFWHUL]DWLRQ RI WKH Mycobacterium avium VXEVS
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Introduction : &RPPH QRXV O¶DYRQV DERUGp GDQV O¶H[SRVp ELEOLRJUDSKLTXH ,QWURGXFWLRQ
&KDSLWUH  OD /%3 HVW XQH SURWpLQH WUqV FRQVHUYpH FKH] OHV P\FREDFWpULHV (OOH D pWp
GpFRXYHUWH FDUDFWpULVpH FKH]M. leprae 6KLPRML  HW MRXH XQ U{OH LPSRUWDQW GDQV




6FKZDQQ$RNL  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Abstract
Mycobacterium avium subsp. paratuberculosis (Map) causes a chronic enteric disease in ruminants, called paratuberculosis or Johne’s
disease. The current model proposes that after ingestion by the host, Map crosses the intestinal barrier via internalization by the M cells.
Experimental observations suggest, however, that Map may also transcytose the intestinal wall via the enterocytes, but the mechanisms involved
in this process remain poorly understood. Cytoadherence assays performed on epithelial cells with Map revealed that the addition of laminin to
the cell culture increases adhesion. A Map protein was isolated by heparineSepharose chromatography and identified as a laminin-binding
protein like. The gene encoding this protein named Lbp/Hlp was identified in the Map genome sequence at locus MAP3024 (annotated Hup B).
The deduced Map Lbp/Hlp amino acid sequence reveals 80% identity with that reported for other mycobacteria. The C-terminal domain
involved in adhesion is mainly composed of arginine and lysine residues modified by methylation. In vitro tests demonstrated that recombinant
Lbp/Hlp binds laminin, heparin, collagen and epithelial cells. Interestingly, we found that this adhesin corresponds to the antigen described as the
target of pANCA and serum antibodies of patients with Crohn’s disease.
 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction
Mycobacterium avium subspecies paratuberculosis (Map)
is an intracellular pathogen that has adapted to the gastroin-
testinal tract of ruminants and other animals. This pathogen
causes a slowly developing, but eventually fatal, inflammatory
disorder called Johne’s disease or paratuberculosis. The main
lesions of paratuberculosis in ruminants are located in the
small intestine. One route for Map entry into the small intes-
tine is through M cells found in the follicle-associated
epithelium lining the domes of the Peyer’s patches [1].
Another route may include translocation into the intestinal
mucosa through epithelial cells [2,3]. This dual translocation
has recently been shown to occur in a B cell-deficient mouse
model of Map infection [4]. Upon translocation, Map readily
infects and multiplies within inactivated intestinal macro-
phages [5e8].
The molecular determinants involved in the adherence of
Map to epithelial cells have not all been identified yet.
Previous studies have identified and characterized mycobac-
terial surface-exposed adhesins, such as the laminin-binding
protein (Lbp) [9,10], also called histone-like protein (Hlp)
[11,12] or mycobacterial DNA-binding protein (Mdp1) [13]
and annotated HupB in the genomic database. This protein
was initially described to play a role in the interaction between
Mycobacterium leprae and Schwann cells [14e17]. More
recently Lbp/Hlp was also shown to mediate the adhesion of
mycobacteria to epithelial respiratory cells by interacting with
proteoglycan-containing receptors such as heparan sulphate
and hyaluronic acid [10,13]. In this study, cytoadherence
assays have revealed that interaction of Map with epithelial
cells is increased in the presence of laminin. These observa-
tions suggest that Map expresses a surface-exposed laminin-
binding protein with properties similar to Lbp/Hlp. In the
present study, we describe the purification and characterization
of the Map Lbp/Hlp homologue.
2. Materials and methods
2.1. Bacterial strains, growth conditions and DNA
manipulations
M. avium subsp. paratuberculosis, strains K-10 (ATCC
BAA-968), (ATCC 19698) and Linda, M. avium subsp. hom-
inisuis strain 104 (Mah),M. avium subsp. avium ATCC 25291
(Maa) and Mycobacterium smegmatis strain mc2155 were
grown at 37  C in Sauton medium [18] or Middlebrook 7H9
broth (Difco Laboratories, Detroit, MI), with glycerol 0.2%
and ADC (albumin-dextrose-catalase enrichment medium,
Becton Dickinson, Le Pont de claix, France). Map cultures
were also supplemented with 2 mg L!1mycobactin J (IDVET,
Montpellier, France). Bacteria were harvested at mid-log
phase and kept frozen (!80  C) in aliquots until use.
Escherichia coli BL21(DE3) (Novagen, Darmstadt, DE),
E. coli TOP10 (Invitrogen Carsbad, CA) and E. coliXL1-Blue
(Stratagene, Le Jolla, CA) were grown in LB medium [19]
supplemented with 30 mg ml!1 kanamycin as appropriate.
Restriction enzymes, T4 DNA ligase and other molecular
biology reagents were purchased from New England Biolabs,
Roche or Promega. PCRs were performed using a Bio-Rad
thermal cycler model iCycler, and the PCR products were
sequenced by GenomExpress (Grenoble, France).
2.2. Construction of bioluminescent and fluorescentMap
strains
Green fluorescent protein (GFP)- and luciferase-expressing
strains were obtained by electroporation of the pSMT3LxEGFP
[20] carrying both the GFP- and the bacterial luciferase-coding
genes (Lux) intoMap strains K-10 and Linda. Bacterial cultures
(150 ml) were grown to mid-log phase in Sauton medium and
were centrifuged at 4500 " g for 15 min. The pellets were
resuspended in 150 ml 10% glycerol. Cells were centrifuged
again, washed three times with 75 ml 10% glycerol, and
resuspended in 5 ml 10% glycerol. Electroporation-ready
mycobacterial cells were aliquoted and frozen at !80  C until
further use. For transformation, 1 mg of pSMT3LxEGFP DNA
was mixed with 50 ml of electroporation-ready cell suspension
and pulsed with a Cellject electroporator (Eurogentec, Lie`ge,
Belgium) at 2.5 kV, 800 U and 25 mF. The cells were then har-
vested in 1 ml Sauton medium and plated onto the Middlebrook
7H10 medium supplemented with ADC, 0.2 mg ml!1 myco-
bactin and 50 mg ml!1 of hygromycin. The plates were
incubated at 37  C, and colonies were isolated after 30e40 days.
2.3. Cytoadherence of Map to A549 epithelial cells
A549 cells were routinely grown at 37  C in an atmosphere
of 5% CO2, in DMEM (Lonza) containing 10% fetal bovine
serum (Invitrogen), and supplemented with L-glutamine 2 mM.
Twenty four hours before the adhesion assay, 1.5 " 105 cells/
well were seeded in a 24 well plate. To prepare the inocula, the
mycobacteria were grown in static conditions in enriched 7H9
Middlebrook broth supplemented with 0.05% Tween 80. Mid-
log phase bacteria were washed once with phosphate buffered
saline (10 mM phosphate buffer pH 7.2, 0.15 M NaCl; PBS)
and resuspended in DMEM. The suspension was vigorously
shaken and passed through a 27-G needle three times to
disrupt bacterial aggregates. The presence of isolated myco-
bacterial cells was confirmed by microscopic observation.
Confluent monolayers were washed twice by PBS before the
addition of the appropriate fluorescent-bioluminescent Map
strain e.g., Linda/GFPlux and K-10/GFPlux (green). The
bacterial concentration was adjusted in DMEM and mono-
layers were infected at a multiplicity of infection of 10. After
3 h of contact, the infected cells were washed three times with
PBS and then lysed for 10 min in 0.1% Triton X-100 followed
by another 10 min after addition of an equal volume of 0.025%
SDS. The percentage of adhesion was estimated by fluores-
cence and calculated by luciferase assays, as described below.
Cytoadherence of Map to A549 cells was analyzed by fluo-
rescence microscopy. The samples were fixed with PFA, and
stained with Evans Blue to stain the eukaryotic cells. Images
586 L.H. Lefranc¸ois et al. / Microbes and Infection 13 (2011) 585e594
were taken with a 40 objective. The number of cell-associ-
ated bacteria is expressed as relative light units (RLU).
Luminescence was measured by using a Berthold Lumat
LB 9507 tube luminometer. As needed, the crude cell lysates
were diluted in PBS containing 0.05% Tween 80. Aliquots
(100 ml) of each sample were transferred into a polystyrene
test tube (Falcon, PLAM0908) containing 900 ml dilution
buffer and the luciferase activity was measured. Prior to
substrate addition, automatic background subtraction was
performed for 1 s. 100 ml of 1% decanal (Sigma) in ethanol
was then automatically injected into each tube and the biolu-
minescence was measured over 20 s. Raw data were collected
in triplicate and the mean RLU readings were automatically
calculated by the luminometer in-core software. Adhesion
assays were performed in triplicate. The percentage of adhe-
sion was calculated by the following formula: (cell-associated
RLU/RLU of the inoculum)  100. The average and the
standard deviation were calculated with the GraphPad Prism
software.
2.4. Cloning, sequencing and recombinant expression of
the Map Lbp/Hlp-encoding gene
The Lbp/Hlp-encoding gene (MAP3024c) was amplified by
PCR from chromosomal DNA using the Pfu DNA polymerase
(Promega) and two synthetic oligonucleotides (Sigma) with
the following sequences: 50-TATACATATGCACCACCACCA
CCACCACATGAACAAGGCAGAGCTCATTGATG-30 (Map
Lbp/Hlp S) and 50-ATATAAGCTTCTACTTGCGGCCGCGA
CGCGCGG-30 (Map Lbp/Hlp AS), containing an NdeI and
HindIII sites, respectively (underlined). The oligonucleotide
Map Lbp/Hlp S sequence was designed to produce a hybrid
protein carrying a His-tag at the N-terminal position used for
affinity purification of the recombinant protein. The PCR
product containing the Lbp/Hlp-coding sequence was digested
by NdeI and HindIII and then inserted into pET-24d(þ)
(Novagen), generating pET::Lbp/Hlp. This plasmid was used
to transform E. coli XL1-Blue for sequencing and E. coli
BL21(DE3) for protein purification. The recombinant Map
Lbp/Hlp was purified as previously described [21]. The Gen-
Bank accession numbers for the Map Lbp/Hlp (strains K-10,
19698 and 316F), Maa-Lbp/Hlp and Mah-Lbp/Hlp sequence
are mapK10_Lbp/Hlp GU324235, map19698_Lbp/Hlp
GU324236, map316F_Lbp/Hlp GU324237, maa25291_Lbp/
Hlp GU324238, mav104_Lbp/Hlp GU324239, respectively.
2.5. Purification of native Lbp/Hlp from Map by
heparineSepharose chromatography
Mycobacteria were grown at 37 #C in static conditions using
250 cm2-Roux flasks containing 150 ml Sauton medium. Once
the stationary phase was reached, the cultures were centrifuged
at 10,000  g for 20 min and the bacilli were resuspended in
PBS and sonicated at 4 #C. The soluble material obtained after
centrifugation at 25,000 g for 25 min at 4 #Cwas applied onto
a heparineSepharose CL-4B (Amersham Pharmacia Biotech)
column (1 5 cm) equilibrated with PBS 0.5 . Native Lbp/Hlp
were eluted using a linear 0e800 mM NaCl prepared in 80 ml
PBS. The fractions eluted at ca. 600mMNaCl were analysed by
SDS-PAGE, transferred onto a polyvinylidene difluoride
(PVDF) membrane (Immobilon P; Millipore) and probed with
monoclonal antibody 3921E4 as described elsewhere [22].
2.6. Mass spectrometry analysis
As previously described [22] purified proteins were sepa-
rated by SDS-PAGE under reducing conditions and stained with
0.1% Coomassie brilliant blue R250 in 20% methanol/0.5%
acetic acid. The selected protein band was excised and sub-
jected to in-gel digestion with modified trypsin (Roche Diag-
nostics, Indianapolis, IN). The resulting peptides were extracted
with 60% acetonitrile in 0.1% trifluoroacetic acid, applied onto
a 0.2  50 mm C18 capillary reverse phase column (Michrom
BioResources, Auburn, CA) and eluted with an increasing
acetonitrile gradient using a MicroPro capillary HPLC system
(Eldex Laboratories, Napa, CA). The reverse phase effluent was
introduced directly into a Finnigan LCQ (Thermoquest, San
Jose, CA) electrospray mass spectrometer, and the peptides
were analyzed byMS andMS/MS. The electrospray needle was
operated at 4 kV with a sheath gas flow of N2 at 40 p.s.i. and
a capillary temperature of 200 #C. MS/MS was automatically
performed on the most dominant ion of the previous MS scan
and the collision energy was set at 40%. MS/MS spectra were
searched against theMap database by using Xcalibur, Bioworks
3.1 turbo SEQUEST software (ThermoFinnigan, San Jose, CA).
The softwarewas set to consider proteinMr ranging from 500 to
3.500, trypsin digest (two missed cleavage sites) peptide mass
tolerance $1.5 Da, fragment ions mass tolerance $0.5 Da,
monoisotopic mass, the oxidation of methionine (þ16.0), the
acrylamide modification of cysteine (þ71.0) and mono-, di-and
tri-methylation of lysine (þ14, þ28 and þ42, respectively).
The ion scores of the non-methylated peptide and the methyl-
ated peptidewere 6.2 and 2.0, respectively. Sequest results were
confirmed by manually comparing observed and predicted
fragmentation patterns for the identified peptides.
2.7. DNA and protein analysis
Multiple DNA and amino acid alignments were performed
with CLUSTAL W [23] (http://www2.ebi.ac.uk/clustalw/).
2.8. Binding of recombinant Map Lbp/Hlp to laminin,
collagen and heparin
To monitor the capacity of recombinant Map Lbp/Hlp to
bind to laminin-2 (human merosin purchased from Invitrogen,
Carlsbad, CA), heparin or collagen I (Sigma, St. Louis, MO),
1.0 mg ml%1 of each of these components in 50 ml 0.1 M
carbonate buffer (pH 9.6) were used to coat the wells of
polystyrene microplates (Corning, New York, NY). The
microtiter plates were incubated overnight at 4 #C. The wells
were then washed with PBS and blocked for 2 h with 200 ml
PBS-3% bovine serum albumin (BSA) at room temperature.
After washing with PBS/0.05% Tween 20 (PBS/T), 50 ml of
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different concentrations of recombinant Map Lbp/Hlp or
M. leprae rGCP/ML0379 were added to the wells and incu-
bated at 37  C for 2 h. The wells were then rinsed with PBS/T
and incubated with the anti-Lbp/Hlp monoclonal antibody
5G9 [14] (1:500) for 1 h at 37  C. After washing with PBS/T,
rabbit anti-mouse IgG peroxidase conjugate (Sigma; 1:1000)
or anti-His mouse monoclonal antibody (1:3000; Amersham
Pharmacia Biotech) was added and incubated for an additional
50 min at 37  C. Peroxidase activity was revealed with
hydrogen peroxide and O-phenylenediamine (OPD). The
reaction was stopped with HCl and read at 490 nm with
a TitertekPlus microplate reader (ICN Biomedicals Inc., Costa
Mesa, CA). Control wells coated with BSA were included in
all binding assays.
2.9. In vitro adherence assays with recombinant Map
Lbp/Hlp
16 HBE cells (7 ! 104 cells/well) were cultured in 24 well
plates containing glass slips. Polystyrene beads (3-mmdiameter,
Sigma) were coated with recombinant Map Lbp/Hlp or BSA
(50 mg ml"1) for 3 h at room temperature in 0.2 M carbo-
nateebicarbonate buffer (pH 9.6). All beads were washed twice
with PBS and blocked with 2% of BSA in PBS for 2 h. After
washing, beads were added to the cells (10:1 ratio) for 1 h at
37  C. Cells were then washed six times with PBS, fixed with
methanol and stained by crystal violet. The numbers of
microspheres attached to 100 cells were counted by light
microscopy (Optiphot-2, Nikon, Tokyo, Japan).
2.10. Immunoblots analyses and ELISA
Immunoblots and ELISA were carried out to analyze the
presence of antibodies against Lbp/Hlp in human serum of
Crohn’s disease (CD) patients and serum from cattle naturally
infected with Map. The sera were collected from the
St. Antoine and R. Debre´ hospitals, Paris, France, and recently
described [24]. The clinical status of all patients was deter-
mined from their medical records. The human sera included
eight serum samples from patients with an active form of CD
(6 males, 2 females) and eight control sera from healthy
donors (4 males, 4 females). Cattle sera were obtained from
Map-infected and non-infected animals [25].
Diagnoses were established by ELISA (Bovigam Prionics
Zurich Switzerland and ELISA Paratuberculosis, Institut
Pourquier Montpellier France) and bacteriological culture of
Map. For ELISA, Maxisorp microtiter plates (Nunc, Roskilde,
Denmark) were coated with 50 ml of recombinant Map Lbp/
Hlp at 0.1 mg ml"1 in PBS at 37  C overnight. Plates were
then washed three times with PBS/T and blocked for 1 h at
37  C with PBS/T containing 0.5% (w/v) Gelatine (PBS/T/G).
Each serum sample was diluted at 1:100 in 50 ml PBS/T/G,
and plates were incubated for 2.5 h at 37  C. Plates were then
washed five times with PBS/T and incubated for 90 min at
37  C with 50 ml Horseradish peroxidase-conjugated goat anti-
human-IgG, GAHu/Ig/PO (Nordic Immunological Laborato-
ries, The Netherlands) diluted at 1:500 dilution in PBS/T/G, or
peroxidase-conjugated anti-ruminant-IgG (CHEKIT, Bern,
Schweiz) diluted at 1:600 in PBS/T/G. Plates were washed five
times with PBS/T, and 50 ml peroxidase substrate was added.
After 30 min incubation at 37  C, the reaction was stopped
with 50 ml 2 N HCl, and the plates were read photometrically
at 414 nm.
Cell extracts and recombinant Map Lbp/Hlp were subjected
to SDS-PAGE on a 15% gel, as described [26]. Proteins were
then transferred onto Protean nitrocellulose membrane
(Whatman, Germany). The membranes were blocked with 1%
BSA in PBS/T for 90 min. The membranes were then incu-
bated with monoclonal antibodies 3921E4 or 4057D2, as
described previously [27e29], or with serum from patients
with CD or from healthy donors, at a 1:100 dilution in 1%
BSA in PBS/T, or with sera from cattle infected or not by Map
at 1:100 dilution in 1% BSA in PBS/T. The membranes were
then washed three times with PBS/T and incubated with goat
anti-human alkaline phosphatase-conjugated antibody (Jack-
son immuno research, Baltimore PA) at 1:10,000 dilution, goat
anti-mouse alkaline phosphatase-conjugated antibody (Caltag,
Burlingame CA) at 1:2000 dilution, or mouse anti-bovine/
ovine antibody (Serotec, Oxford UK) at 1:200 dilution. Nitro
blue tetrazolium and 5-Bromo-4-chloro-3-indolyl phosphate
substrates were used to develop the immunoblots.
3. Results
3.1. Increase of Map adherence to epithelial cells by
exogenous laminin
Previous reports have shown that adherence of mycobac-
teria to epithelial cells can be modulated by the addition of
extracellular matrix [30]. Using the recombinant Map strain
Linda/GFPlux and K10/GFPlux we tested whether soluble
exogenous laminin increases the cytoadherence of Map to
A549 epithelial cells. As shown in Fig. 1A, Map Linda/
GFPlux (Green) is able to adhere to the A549 epithelial cells,
stained with Blue Evans (red) and assessed qualitatively by
fluorescence microscopy. This process is more efficient in the
presence of laminin (Fig. 1A, right panel). Quantification of
Map adherence by the luciferase assay indicated that this
adhesion to epithelial cells is significantly increased from 10
to 18% in the presence of exogenous laminin (Fig. 1B).
3.2. Purification and identification of recombinant Map
Lbp/Hlp onto heparineSepharose
The increased adherence of Map to epithelial cells induced
by laminin suggests that Map expresses an adhesin on its
surface, which could be a homologue of Lbp/Hlp. This same
protein is referred to by several names, such as laminin-
binding protein Lbp [17], histone-like protein/laminin-binding
protein Hlp/Lbp [11] or mycobacterial DNA-binding protein
Mdp1 [13]. Thus, to isolate and identify the Map protein
expressing this activity, we performed a heparineSepharose
chromatography assay on a soluble extract from theMap strain
K-10 culture. This assay has previously been developed to
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purify orthologous Lbp/Hlp proteins from other mycobacteria
[22]. As shown in Fig. 2A, SDS-PAGE analysis of the eluted
fractions revealed that a 31-kDa protein was predominantly
detected in the 600 mM NaCl fractions (fractions 11e13). The
protein band was excised from the gel and subjected to trypsin
digestion. Mass spectrometry analysis of the resulting peptides
and BLASTP analysis revealed that it corresponds to the
mycobacterial laminin-binding/histone-like protein (Lbp/Hlp),
previously described in M. leprae, M. smegmatis and
M. tuberculosis. As described for orthologous Lbp/Hlp
proteins, the Map counterpart (MAP3024c, hupB) is recog-
nized by monoclonal antibody 3921E4 [10], as depicted in
Fig. 2B. This cross-reaction confirmed that Map Lbp/Hlp
shares the epitope APAKKAA.
Amino acid sequence analysis shows that MAP3024c, hupB
codes for a 212-amino acid protein Map Lbp/Hlp. The align-
ment of the amino acid sequences of the Lbp/Hlp from different
mycobacterial species indicates that these molecules are highly
conserved (Fig. 3). Within the M. avium complex (MAC) the
amino acid sequences of Lbp/Hlp show 100% identity.
Sequences were analysed after sequencing of the Lbp/Hlp gene
from the following representativeMAC strains:Mah strain 104,
Maa reference strain ATCC 25291, Map strains K-10 ATCC
BAA-968, the reference strain ATCC 19698 and the vaccine
strain 316F Me´rial.Map Lbp/Hlp shares 80% identity and 84%
similarity with the M. tuberculosis complex orthologues,
including M. tuberculosis, M. bovis and M. bovis BCG. Map
Lbp/Hlp is also related to the M. leprae Lbp/Hlp with 77%
identity and 80% similarity. In addition, a high score of simi-
larity was found with the Lbp/Hlp produced by the non-path-
ogenic strain M. smegmatis with 86% identity and 91%
similarity. Sequence similarities among the Lbp/Hlp are
particularly high in the N-terminal part, up to residue 119 with
more than 93% identity and 97% similarity. The apparent
divergence in the C-terminal regions, containing 75% L-alanine
and L-lysine residues, is due to variations of the number of
lysine-rich repeats.
3.3. Evidence for post-translational methylation of Map
Lbp/Hlp
Previous studies indicated that native Lbp/Hlp exhibits an
apparent molecular weight slightly higher than that predicted
from the amino acid sequence [22,31]. This suggests that the
Lbp/Hlp-(like) protein may be post-translationally modified.
Biochemical analyses of theM. smegmatis andM. tuberculosis
Lbp/Hlp proteins revealed that the lysine-rich repeats in the
C-terminal domain are methylated by post-translational
modifications [9], resulting in a protein with increased
molecular weight. We therefore compared by immunoblot
Fig. 1. Cytoadherence of Map to A549 epithelial cells increases in the pres-
ence of exogenous laminin. A549 cells were infected by the Map strain Linda/
GFPlux in the presence or absence of laminin. (A) Fluorescence microscopy
analysis of the A549 cells infected by Linda/GFPlux (green). The samples
were fixed with PFA and stained with Evans Blue (red). Images taken with
a 40 objectives represent the overlay of Evans Blue and GFP signals. (B)
Quantification of Linda/GFPlux adhesion by luciferase assays. The percentage
of adhesion is calculated as the number of 100  cell-associated RLU/RLU of
the inoculum. The graph shows the averages of triplicate samples from one
representative of four independent experiments. *P value was calculated using
an unpaired two-tailed t-test using GraphPad Prism version 5.00 for Windows
where P < 0.05 was considered statistically significant. The error bars
represent the standard deviation.
Fig. 2. Purification of native Lbp/Hlp by heparineSepharose chromatography.
Map was grown at 37 !C in static conditions. At the stationary phase, the
cultures were disrupted by sonication, and the soluble material was applied
onto a heparineSepharose CL-4B column. Lbp/Hlp was eluted using a linear
NaCl gradient (panel A). The fractions eluted at ca. 600 mM NaCl (fractions
11e13) contained Lbp/Hlp, as determined mass spectrometry and immunoblot
analyses using monoclonal antibody 3921E4 (panel B). MW, Molecular
Weight; WCL, Whole Cell Lysate; FT, Flow-Through.
589L.H. Lefranc¸ois et al. / Microbes and Infection 13 (2011) 585e594
analysis the apparent molecular weights of purified native and
recombinant Map Lbp/Hlp. Monoclonal antibody 4057D2
used to probe the immunoblot reacted more intensively with
the native Map Lbp/Hlp, exhibiting an apparent molecular
weight slightly higher than the recombinant Lbp/Hlp
(Fig. 4B). This result strongly suggests that native Lbp/Hlp
also undergoes post-translational modifications in Map. To
confirm the post-translational modifications of Map Lbp/Hlp
and to identify its nature, mass spectrometry analysis of Map
Lbp/Hlp was carried out. The mass spectrometry analysis
revealed two peptides within the C-terminal lysine-rich repeats
domain of the Map Lbp/Hlp which are methylated.
3.4.Map Lbp/Hlp binds mammalian extracellular matrix
and promotes adhesion to epithelial cells
The presence of a large lysine-rich C-terminal domain in
Map Lbp/Hlp and its NaCl elution profile from immobilized
heparin suggest that ionic interactions are likely involved in
the interaction of this protein with heparin and laminin. This
hypothesis is in agreement with a recent study that mapped the
binding domain of the M. leprae Lbp/Hlp [32]. We evaluated
whether purified recombinant Map Lbp/Hlp was able to bind
heparin and different matrix proteins including laminin-2 and
collagen I by using a solid phase interaction assay. As shown
in Fig. 5A, recombinant Map Lbp/Hlp did not bind to BSA. In
contrast, it was able to interact with laminin-2, heparin and
collagen I in a dose-dependent and saturable manner. The
irrelevant his-tagged recombinant protein (rGCP/ML0379)
showed levels of binding similar to the background. These
results confirm the direct and specific interaction between the
Lbp/Hlp and the mammalian extracellular matrix containing
heparan sulphate chains. To determine the capacity of this
protein to promote the adhesion to epithelial cells, latex beads
coated with recombinant Map Lbp/Hlp were prepared. Fig. 5B
shows that Lbp/Hlp was able to significantly increase the
adherence of latex beads to epithelial cells when compared
with the control beads coated with BSA.
3.5. Sera from Crohn’s disease patients react with Map
Lbp/Hlp
Intestinal bacteria have been increasingly implicated as an
environmental factor in inflammatory bowel disease (IBD), due to
their mucosal localization and antigenic and immunomodulatory
Fig. 3. Sequence alignment of the mycobacterial Lbp/Hlp. The amino acid sequences of the M. tuberculosis Lbp were aligned with those of its homologues from
other mycobacterial species by using the Clustal W program with the BLOSUM64 matrix allowing gaps ( ). *, identical residues; :, conserved substitutions;. semi-
conserved substitutions. The boxed heptapeptide APAKKAA constitutes part of the epitope recognized by the monoclonal antibody mAb 3921E4. Mtb, Myco-
bacterium tuberculosis; Mb, Mycobacterium bovis; BCG, Mycobacterium bovis BCG; Ml, Mycobacterium leprae; Map; Mycobacterium avium subsp.
paratuberculosis; Maa, Mycobacterium avium subsp. avium; Mah, Mycobacterium avium subsp. hominissuis; Ms, Mycobacterium smegmatis; C, concensus.
Fig. 4. Evidence for a post-translational methylations of Map Lbp/Hlp. SDS-
PAGE (A) and immunoblot (B) analysis of purified recombinant Map Lbp/Hlp
produced in E. coli BL21(DE3) (lanes 1) and native Map Lbp/Hlp purified by
heparineeSepharose chromatography (lanes 2). The immunoblots were pro-
bed with monoclonal antibody 4057 D2. Sizes of molecular weight markers
(kDa) are indicated to the left.
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components. The human disease-specific immune response
might be useful for the identification of microorganisms involved
in the disease. High sera levels of anti-neutrophil cytoplasmic
antibodies (ANCA) are a marker of the immune response in IBD
associated with ulcerative colitis (UC) and a subset of CD
patients. In this context, Cohavy et al. [33] described that specific
IgA associated with CD were directed against HupB (Lbp/Hlp,
MAP3024c). Moreover, Map expresses a higher amount of this
protein than other mycobacterial species. This observation led to
the speculation that HupB-like proteins produced by Map and
other colonic bacteriamay play an important role in triggering the
onset of CD. To confirm that the Lbp/Hlp (MAP3024c, annotated
as HupB) described here exhibits similar antigenic properties as
HupB described by Cohavy et al. we performed immunoblot
analyses and ELISA using sera from well characterized
CD patients on Map Lbp/Hlp. The sera from CD patients
(Fig. 6A, lane 4) and from cattle with active paratuberculosis
(Fig. 6A, lane 6) reactedwith purified recombinantMapLbp/Hlp.
Eight sera each from CD and healthy controls were then tested
individually by ELISA (Fig. 6B). The absorbance for the CD
group was significantly higher compared to that of the healthy
controls group. Control experiments using an antiserum from
healthy or clinical paratuberculosis cattle gave similar results
(Fig. 6C). Thus, these results confirm the findings of Cohavy et al.
who revealed that the presence ofHupB antigen is associatedwith
CD and expand these studies to confirm a similar reactivity in
cattle with Johne’s disease.
4. Discussion
To mediate adherence during the early steps of infection
microbes often hijack eukaryotic cell surface molecules that
normally mediate physiological cell processes, including
signal transduction, cell to cell signalling, as well as cell and
extracellular matrix adhesion. The major part of the cell
extracellular matrix consists of glycosaminoglycan (GAGs)
molecules, glycolipids and glycoproteins [30]. Many patho-
genic and commensal microorganisms have evolved to use
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Fig. 5. Recombinant Map Lbp/Hlp promotes adhesion to laminin, collagen,
heparin to epithelial cells. (A) Laminin-2, heparin and collagen I were used to
coat the wells of polystyrene microplates. The wells were then washed with
PBS and blocked with PBS-3% BSA. 50 ml of increasing concentrations of
rLbp/Hlp or rGCP/ML0379 were then added to the wells and incubated for
2 h. The wells were rinsed with PBS/T and incubated with anti-Hlp mono-
clonal antibody 5G9 (1:500) or anti-His monoclonal antibody (1:3000). After
washing with PBS/T, rabbit anti-mouse IgG peroxidase conjugate was added
to the wells. Binding is expressed in absorbency units at 490 nm. Data
represent the means  standard deviations of typical experiments carried out
in duplicate. Three experiments were carried with similar results. (B) 16 HBE
cells were treated with beads pre-coated with Lbp/Hlp or BSA for 1 h, washed
extensively with PBS, fixed and stained with crystal violet. The number of
beads attached to 100 cells was counted by light microscopy. The data
represent the mean values  SD from three experiments with duplicate
samples. *P < 0.05.
Fig. 6. Reactivity of a CD patient serum with Map Lbp/Hlp. (A) Purified Map
Lbp/Hlp was transferred from 12% polyacrylamide gels (lane 1, stained with
Coomassie blue) onto nitrocellulose membranes. Membranes were incubated
for 1 h with monoclonal antibody mAb 3921E4 (lane 2), human antiserum
from a healthy donor (lane 3), from a CD patient (lane 4), antiserum form
uninfected cattle (lane 5) or from cattle infected with Map (lane 6). Sizes of
molecular weight markers (kDa) are indicated in the left margin. (B) Anti-Map
Lbp/Hlp antibody responses were determined individually from a panel of CD
patient sera and human healthy donors by ELISA. (C) Anti-Map Lbp/Hlp
antibody responses were determined in sera from infected (negative) Map-
infected cattle. The results are reported as scatter plots and medians or as
means  SD. Group-to-group comparison was performed with the nonpara-
metric Wilcoxon test using GraphPad Prism version 5.00 for Windows where
P < 0.05 was considered statistically significant.
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these molecules as receptors for adherence and invasion of
eukaryotic cells. In mycobacteria, adhesins HBHA and Lbp
have been reported to be involved in these specific interactions
with GAGs molecules, such as heparan sulphate present on the
surface of various eukaryotic cells types [10,12,31,34]. This
study focuses on the Map Lbp/Hlp, an adhesin also referred to
as Lbp [17], Lbp/Hlp [11] and Mdp1 [13]. It has been reported
that Lbp/Hlp is a pivotal adhesion molecule in the mycobac-
terial pathogenesis. By interacting with laminin present on the
surface of the Schwann cells, the Lbp/Hlp produced by
M. leprae functions as a critical surface adhesin that facilitates
bacterial entry into these cells [17]. Lbp/Hlp was shown to
play a role in the binding of mycobacteria to alveolar
epithelial cells and macrophages [10].
In this study we isolated Lbp/Hlp produced by Map. An
initial observation showed that the interaction of epithelial cells
withMap can bemediated by laminin. This observation led us to
isolate and characterize the molecule of Map involved in this
function. These preliminary assays also showed that Map is
capable of adhering to lung epithelial cells despite Map having
a tropism for intestinal tissues [1,4]. Purification and mass
analysis of native Map Lbp/Hlp revealed the characteristic
features of this basic highly conserved mycobacterial protein. It
consists of a large highly conserved N-terminal domain,
covering half of the protein, and a C-terminal domain consisting
essentially of lysine/arginine-rich repeats involved in the
interaction with GAGs. Native Map Lbp/Hlp was found to be
methylated. Interestingly this finding has been reported for both
mycobacterial HBHA and Lbp [10,11,21]. To date the role of
methylation of proteins in prokaryotes is poorly documented.
Themethylation of the functionally important domain ofHBHA
has been shown to be crucial for protection against proteolytic
degradation. In addition for stabilizing the protein, the methyl-
ation of HBHAwas shown to play a major role in both B and T
cell antigenicity [9,35]. The enzyme(s) involved in these post-
translational modifications have not yet been identified. Like-
wise, it remains unknown whether methylation patterns are
identical from one species to another.
Several observations have indicated that the adhesive
properties of the Lbp/Hlp are carried by its C-terminal lysine-
rich region involved in the electrostatic interactions with
laminin and GAGs [11]. Moreover, it was shown that these
interactions do not depend on the presence of the methyl
groups, which are absent in the recombinant protein produced
by E. coli [21]. The capacity of Lbp/Hlp to bind epithelial
cells and multiple extracellular matrix components highlights
its important potential role as adhesin. Interestingly, the
binding of Lbp/Hlp to laminin and collagen I observed in this
study suggests that this protein may also interact with the host
basal membrane. This has been recently described for the
Borrelia burgdorferi protein CRASP-1 that favours adhesion
and tissue invasion via interaction with laminin and collagen I
[36]. Lbp/Hlp may act in conjunction with other adhesins in
the process of mycobacterial invasion of the host cells.
Previous reports have characterized adhesins such as Fibro-
nectin Attachment Protein [36,37], that interacts with integrin
type cell receptors, and the surface-exposed 35 KDa protein
(MAP2121c) described to be involved in invasion of epithelial
cells but having no sequence similarity with the Lbp/Hlp [2].
Both proteins are involved in interactions with the apical pole
of epithelial cells.
Genetic polymorphisms in several genes involved in inter-
action with microbes predispose to complex diseases such as
CD, a major type of inflammatory bowel disease [38]. It is not
clear why some individuals with a given polymorphism develop
disease, whereas others remain unaffected. The concept that
environmental factors, including intestinal bacteria, trigger
disease in individuals with a certain genetic background is
broadly recognized. The role of certain microorganisms,
particularly mycobacteria, is under intense investigation, as
specific pattern-recognition receptors involved in the host
response are important targets for mycobacterial compounds
[39,40]. In this context the human disease-specific immune
response might be useful in the identification of microbes
involved in the disease. In order to characterize the autoantigen
of pANCA, an antibody highly represented in IBD,Cohavy et al.
[33] have shown that recombinant HupB from M. tuberculosis
can be recognized by recombinant Fab of pANCA and specifi-
cally reacts with sera from CD patients. Interestingly, the anti-
HupB IgA responsewas shown to be specifically associatedwith
CD but not with other IBD or with healthy donors. Our study
characterized the adhesive properties of Lbp/Hlp (HupB)
involved in the interaction with the host epithelium that may
explain the detection of IgA directed against this antigen. In
agreement with observations of Cohavy et al. [33], our results
suggest that Lbp/Hlp plays an important role in the association
ofMapwith CD. Interestingly, people with CD have 7:1 odds of
having a documented presence ofMap in the blood or gut tissues
than those who do not have CD [41]. However, the presence of
Map could be a secondary phenomenon due to increased gut
permeability in CD, or the inability of macrophages from CD
patients to kill Map.
We have also shown that Lbp/Hlp is detected by the serum
of animals with clinical paratuberculosis, which strengthens
the notion that Lbp/Hlp may be important in the pathogenesis
of Johne’s disease. In conclusion, we showed that Map Lbp/
Hlp is an adhesin that binds laminin, cell receptors containing
GAGs and epithelial cells. The immune response observed in
the tested CD patients and animals with active para-
tuberculosis to this protein suggests that Lbp/Hlp may be
a relevant adhesin for host infection. Studies are needed to
better understand how the bacterium uses Lbp/Hlp in combi-
nation with other adhesins to attach to the host gastrointestinal
tract epithelium.
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Introduction :$XMRXUG¶KXL LO HVW ELHQ pWDEOL TXH OD VRXVHVSqFHparatuberculosis SHXW rWUH
VXEGLYLVpH HQ GHX[ JUDQGHV IDPLOOHV GpILQLHV SDU OHXUV FDUDFWqUHV JpQpWLTXHV  M. a. 
paratuberculosis GH W\SH & ©&DWWOHª HW M. a. paratuberculosis GH W\SH 6 ©6KHHSª
7XUHQQH$OH[DQGHU&HVGHX[W\SHVGHM. a. paratuberculosis VRQWDGDSWpV
j O¶DSSDUHLO GLJHVWLI GHV UXPLQDQWV HW VRQW j O¶RULJLQH G¶XQH PrPH SDWKRORJLH OD
SDUDWXEHUFXORVH1pDQPRLQV LOV SUpVHQWHQW FHUWDLQHV VSpFLILFLWpV SKpQRW\SLTXHV'HV pWXGHV
UpFHQWHVRQWPRQWUpTXHFHVGHX[JURXSHVpWDLHQWGLYHUJHQWVSDU ODSURGXFWLRQGHF\WRNLQHV
LQGXLWHV DSUqV VWLPXODWLRQ GH PDFURSKDJHV -DQDJDPD   0RWLZDOD  
%RUUPDQQ  SDU OHXU PpWDEROLVPH YLVjYLV GX IHU -DQDJDPD  SDU OHXU
SLJPHQWDWLRQ 6WHYHQVRQHW VXUWRXWSDU OHXUYLWHVVHGHFURLVVDQFH :KLWWLQJWRQ
 &RQFHUQDQW O¶pWXGH GHV DGKpVLQHV HQ SDUWLFXOLHU OD ©Heparin Binding 
HemAgglutininª +%+$ WUqV SHX GH FKRVHV VRQW GpFULWHV FKH]M. a. paratuberculosis GH
W\SH&HW6
Objectif : ([SORUHU HW FDUDFWpULVHU OD +%+$ SURGXLWH SDU OHV VRXFKHV GH M. a. 
paratuberculosisGHW\SH&HW6
Résultats : /HV SUHPLHUV UpVXOWDWV GH 3&5 UpDOLVpHV VXU OHV VRXFKHV GH UpIpUHQFH RQW
FRQILUPpVTXHOHJqQHFRGDQWSRXUOD+%+$GLYHUJHHQWUHOHVHVSqFHVHWPHWWHQWHQpYLGHQFH
XQH YDULDELOLWp LQWUDHVSqFH FKH] M. a. paratuberculosis 'H IDoRQ VXUSUHQDQWH YLD XQH
DQDO\VHGHODVpTXHQFHSURWpLTXHQRXVDYRQVFRQVWDWpTXHOD+%+$SURGXLWHSDUOHVVRXFKHV
GH W\SH & SUpVHQWH XQ GRPDLQH &WHUPLQDO FRXUW WDQGLV TXH FHOOH GH W\SH 6 SRVVqGH XQ
GRPDLQH&WHUPLQDO ORQJVLPLODLUHjFHOXLGHV+%+$GHVHVSqFHVGX0$&HWGXFRPSOH[H
tuberculosis+%+$& DD+%+$6 DD+%+$0$+ DD+%+$7% 
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DD*UkFH jQRWUH FROOHFWLRQGHVRXFKHV JpQRW\SpHVHWGLVSRQLEOHVDX ODERUDWRLUHQRXV
DYRQVpODUJLO¶DQDO\VHjXQSDQHOGHVRXFKHVFRXYUDQWO¶HQVHPEOHGHVJpQRW\SHVUHSUpVHQWDQW
ODVRXVHVSqFHparatuberculosis1RXVYRXOLRQVVDYRLUVLFHWWHGLYHUJHQFHGHhbhApWDLWGHj
XQ SKpQRPqQH SRQFWXHO RX FORQDO 3RXU FHOD QRXV DYRQV DPSOLILp SDU OD PpWKRGH GH
*HQH0DSSHUODSDUWLH&WHUPLQDOHGXJqQHGHODhbhAGHVRXFKHVGHW\SH&VRXFKHV
GH W\SH 6  VRXFKHV GHM. a. hominissuis HW  VRXFKHV GH M. a. avium. /HV DPSOLFRQV
DQDO\VpV QRXV LQGLTXHQW FODLUHPHQW TXH OH GRPDLQH &WHUPLQDO GH OD +%+$ GpGXLW GH OD
VpTXHQFHQXFOpRWLGLTXHH[SULPpSDUOHVVRXFKHVGHM. a. paratuberculosisGHW\SH6HVWSOXV
ORQJ TXH FHOXL GH OD +%+$ GH M. a. paratuberculosis GH W\SH & /HV UpVXOWDWV REWHQXV
FRQILUPHQW TXH FKDTXH W\SH GH +%+$ HVW VSpFLILTXH GH FKDTXH JURXSH GH M. a. 
paratuberculosisVXJJpUDQWDLQVLXQSKpQRPqQHFORQDO









HVW GH Q0 HW FHOXL GH OD+%+$GH W\SH6 SURFKH GH  Q0 FH TXL VH WUDGXLW SDU XQH




HVW JpQRW\SpH FRPPH XQH VRXFKH GH W\SH 6 GDQV O¶DQDO\VH SK\ORJpQpWLTXH UpDOLVpH SDU







VRXFKHV GHM. a. paratuberculosis GH W\SH& HW 6 RQW pWp XWLOLVpV /HV GHX[ DQWLJqQHV VRQW
UHFRQQXV DYHF ODPrPH LQWHQVLWp SDU OHV GHX[ W\SHV GH VpUXPPRQWUDQW GRQF XQH UpDFWLRQ
FURLVpH
Conclusion-Discussion : 'DQVFHWWH pWXGHQRXV DYRQVPLV HQ pYLGHQFH TXH OD VRXVHVSqFH
paratuberculosisH[SULPHGHX[IRUPHVGH+%+$HQFRUUpODWLRQDYHFOHVW\SHV&HW6(OOHVVH
GLIIpUHQFLH SDU OHXU GRPDLQH &WHUPLQDO YDULDEOH DORUV TXH OHXU GRPDLQH 1WHUPLQDO HVW
SDUIDLWHPHQW FRQVHUYp &HWWH GLIIpUHQFH GDQV OHXU VpTXHQFH G¶DFLGHV DPLQpV FKDQJH OD
GLVWULEXWLRQGHVFKDUJHVSRVLWLYHVFHTXLLQIOXHQFHOHXUDIILQLWpSRXUO¶KpSDULQH&RQWUDLUHPHQW
jOD+%+$GHW\SH&XQHIRUWHDIILQLWpDpWpREVHUYpHSRXUOD+%+$GHW\SH65pFHPPHQW







GHV UpSpWLWLRQV GH PRWLI SOXV RX PRLQV QRPEUHXVHV 6L OD UpSRQVH VpURORJLTXH SHXW rWUH
TXDQWLILpH OHV+%+$GH W\SH&HW6GRLYHQWrWUHpYDOXpHVSRXU OHXUFDSDFLWpj LQGXLUHXQH
UpSRQVHjPpGLDWLRQFHOOXODLUHVSpFLILTXH
/¶pWXGHPHQpH VXU OD+%+$GHM. a. paratuberculosis DSHUPLVGHPHWWUH HQ pYLGHQFHXQ
QRXYHDXPDUTXHXUSKpQRW\SLTXHTXLYLHQW FRQILUPHU ODGLVWLQFWLRQSK\ORJpQpWLTXHHQWUH OHV
VRXFKHV GH W\SH& HW GH W\SH 6'HV pWXGHV FRPSOpPHQWDLUHV GRLYHQW rWUH HQWUHSULVHV SRXU
PRQWUHUOHVFRQVpTXHQFHVHQWHUPHVGHYLUXOHQFHGHVSpFLILFLWpG¶K{WHOLpHVjO¶H[SUHVVLRQGH
FHVGHX[IRUPHVGH+%+$&HVGLIIpUHQWHVIRUPHVGH+%+$WUqVSUpFLVpPHQWFDUDFWpULVpHV
GRLYHQW pJDOHPHQW rWUH pYDOXpHV SRXU OHXU SRWHQWLHO GLDJQRVWLF GH OD SDUDWXEHUFXORVH
 A novel phenotypic features of Mycobacterium avium subspecies1 
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D+LVWDJDQGODFNLQJDPLQRDFLGVWR7KH3&5SURGXFWVZDVGLJHVWHGE\Nde,DQG125 
Hind,,, DQG WKHQ LQVHUWHG LQWR H[SUHVVLRQ YHFWRU S(7 1RYDJHQ JHQHUDWLQJ126 
 S(7PDSV+%+$ǻ&WHU7KLVSODVPLGZDVXVHG WR WUDQVIRUPE. coli %/'(IRUSURWHLQ127 
SXULILFDWLRQ 7KH UHFRPELQDQWPDS6+%+$ǻ&WHUZDV SXULILHG RQWR1L17$ DJDURVH UHVLQV128 
6LJPDDFFRUGLQJWRPDQXIDFWXUHUUHFRPPHQGDWLRQV129 
130 
Purification of recombinants HBHA by heparin Sepharose chromatography 131 
7KH UHFRPELQDQW +%+$ SURGXFH LQ E. coli ZLWKRXW DQ\ WDJ ZHUH SXULILHG E\ KHSDULQ132 
6HSKDURVH FKURPDWRJUDSK\ DV GHVFULEHG /HIUDQFRLV HW DO %0& 5HVHDUFK 1RWH 7KH133 
UHFRPELQDQW E coli ZHUH WKHQ FHQWULIXJHG DW  g IRU  PLQ DW  & 7KH FHOOV ZHUH134 
ZDVKHGWZLFHLQPOP07ULV+&OS+7ZHHQDQGFHQWULIXJHGDW135 





QPZDV FRQWLQXRXVO\PRQLWRUHG GXULQJ SXULILFDWLRQZLWK WKH+L7UDS+HSDULQ+3 PO, *(141 









 SDS-PAGE and immunoblot  151 
0\FREDFWHULDOZKROHFHOOO\VDWDQGWKHUHFRPELQDQWV+%+$SXULILHGZHUHDQDO\]HGE\6'6152 
3$*( 3RO\DFU\ODPLGH JHO HOHFWURSKRUHVLV ZDV FRQGXFWHG ZLWK  UXQQLQJ JHOV DQG 153 
VWDFNLQJ JHOV 3URWHLQV ZHUH WKHQ WUDQVIHUUHG RQWR QLWURFHOOXORVH PHPEUDQHV :KDWPDQ154 
*HUPDQ\7KHPHPEUDQHVZHUHEORFNHGZLWK%6$LQ3%67ZHHQZDVKHGWKUHH155 
WLPHVLQ3%67ZHHQ%6$EHIRUHLQFXEDWLRQZLWKDQWL+%+$PRQRFORQDODQWLERG\156 
($IWHU WKUHHZDVKLQJ3%67ZHHQPHPEUDQHVZHUH LQFXEDWHGZLWK157 
JRDW DQWLPRXVH DONDOLQH SKRVSKDWDVHFRQMXJDWHG DQWLERG\ &DOWDJ %XUOLQJDPH &$ DW158 
 GLOXWLRQ  7KH VXEVWUDWHV QLWUR EOXH WHWUD]ROLXP DQG EURPRFKORURLQGRO\O159 
SKRVSKDWHZHUHXVHGWRGHYHORSWKHLPPXQREORWV160 
161 
Protein analysis 162 
0XOWLSOH DPLQR DFLG DOLJQPHQWV ZHUH SHUIRUPHG ZLWK &/867$/ :163 
KWWSZZZHELDFXNFOXVWDOZ164 
165 










 Surface Plasmon Resonance analysis 176 
7KH %,$FRUH 7 *( +HDOWKFDUH ZDV XVHG IRU DQDO\VLV RI WKH PROHFXODU LQWHUDFWLRQV177 
EHWZHHQ +%+$0$3& +%+$0$36 +%+$0$3/1 +%+$0$$ +%+$7%178 
+%+$60* U+%+$ǻ& &RQWURO DQG KHSDULQ 5HFRPELQDQW VWUHSWDYLGLQH 3LHUFH ZDV179 
FRYDOHQWO\ERXQGRQWZRIORZFHOOV)FRID&0VHQVRUFKLS*(+HDOWKFDUHZLWK+%6180 
P0+(3(6  P0 1D&O  7ZHHQ  S+  DV UXQQLQJ EXIIHU 6WDQGDUG DPLQH181 
FRXSOLQJ ZDV SHUIRUPHG DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV JHQHUDWLQJ DQ182 
LPPRELOL]DWLRQVLJQDORIUHVRQDQFHXQLWV$IWHUWKUHHVHFRQGLQMHFWLRQVRI01D&O183 
P01D2+JPORIELRWLQ\ODWHGKHSDULQZDVLQMHFWHGDWDIORZUDWHRIOPLQIRU184 




FRQFHQWUDWLRQV UDQJLQJ IURP  WR  RU  Q0 7KH GLVVRFLDWLRQ ZDV VWXGLHG IRU 189 
VHFRQGV 5HJHQHUDWLRQ RI WKH VXUIDFHV ZDV SHUIRUPHGZLWK D  VHFRQG 01D&O VROXWLRQ190 
IROORZHGE\DVHFRQG8,POKHSDULQVROXWLRQDQGDVHFRQGEXIIHUZDVK6LJQDO191 




Fluorescent fragment analysis 196 
$QDO\VLVZDVSHUIRUPHGRQVWUDLQVRI0$3&VWUDLQVRI0$36VWUDLQRI/1DQG197 











ELISA assays 208 
)RU(/,6$0D[LVRUSPLFURWLWHUSODWHV1XQF5RVNLOGH'HQPDUNZHUHFRDWHGZLWKO RI209 
33'MUHFRPELQDQW%&*+%+$Map W\SH6 +%+$ RU Map W\SH& DWPJPOLQ3%6DW210 
&RYHUQLJKW3ODWHVZHUHWKHQZDVKHGWKUHHWLPHVZLWK3%67DQGEORFNHGIRUKDW211 
& ZLWK 3%67 FRQWDLQLQJ  ZY *HODWLQH 3%67* 6HUXP XVHG LQFOXGH D Map212 
SRVLWLYH FRPPHUFLDO VHUXP  DMap QHJDWLYH FRPPHUFLDO VHUXP  DQG VHUXPVREWDLQHG213 
IURPUXPLQDQWVLQIHFWHGE\MapRIW\SH&RUW\SH6(DFKVHUXPVDPSOHZDVGLOXWHGDW214 
 LQ  O 3%67* DQG SODWHV ZHUH LQFXEDWHG IRU  K DW  & 3ODWHV ZHUH WKHQ215 







 RESULTS 223 
224 
Variability on the C-terminal domain of encoding hbha gene 225 
&RPSDUDWLYH JHQRPLF VKRZQ WKDW WKH hbha LV KLJKO\ FRQVHUYHG DPRQJ0\FREDFWHULD 7KH226 








),*$6XUSULVLQJO\ WKHVL]HRI WKH3&5SURGXFWHQFRGLQJWKH&WHUPLQDOGRPDLQRI WKH235 
+%+$ LQ Mycobacterium avium VXEVS paratuberculsosis RI W\SH 6 LV ORQJHU WKDQ WKDW236 
LGHQWLI\LQ&W\SHVWUDLQVRIMycobacterium aviumVXEVSparatuberculsosis\HWRIWKHVDPH237 




H[KLELW DQ LGHQWLF VL]H WR WKDW RIMycobacterium avium VXEVS avium DQGMycobacterium 242 





 Specificity of hbha gene according to Mycobacterium avium subsp. paratuberculosis248 
lineage249 
7R FRQILUP REVHUYDWLRQ WKDW ZLWKLQ WKH VXEVSHFLHV paratuberculosis WZR PDMRU hbha250 
GLVWLQJXLVK HDFK OLQHDJHZH KDYH SHUIRUPHG IOXRUHVFHQW 3&5 IUDJPHQW DQDO\VLV RQ WKH&251 
WHUPLQDO GRPDLQ RI HQFRGLQJ hbha JHQH IURP D ODUJH SDQHO RI LVRODWHV IURP RXU252 
FRPSUHKHQVLYH FROOHFWLRQ RI VWUDLQV 7KH SDQHO RI Mycobacterium avium VXEVS253 
paratuberculsosisVWUDLQVFRQVLVWV LQ LVRODWHVRULJLQDWLQJIURPYDULRXVDQLPDOVFDWWOHVKHHS254 
JRDWUHGGHHUUDEELWDQGKXPDQVIURPYDULRXVJHRJUDSKLFDORULJLQVVHHVXSSOHPHQW7$%/(255 
DQG WRDGG OHYHORIVWDLQVGLYHUVLW\ZHVHOHFWHG LVRODWHVKDYLQJGLVWLQFWPLQLVDWHOOLWHDQG256 
5)/3,6SURILOHVDVGHVFULEHG%LHWHWDO%0&UHYLVLRQ7KLVSDQHOZDVFRPSOHWHGE\257 
VWUDLQVRIMycobacterium avium VXEVSavium LVRODWHGIURPELUGV DQGKXPDQLVRODWHVRI258 
Mycobacterium aviumVXEVShominissuis SUHYLRXVO\GHVFULEHG. 259 
7KHIOXRUHVFHQWIUDJPHQWWHFKQRORJ\XVHG$%,*HQH0DSSHUVRIWZDUHZDVXVHGWRGHWHUPLQH260 
WKH DEVROXWH VL]H RI DPSOLILHG IUDJPHQW 7KH UHVXOWV VKRZHG WKDW WKH 3&5 DQDO\VLV ZHUH261 
SHUIHFWO\ UHSURGXFLEOH RQ DOO VWUDLQV DQDO\]HG GDWD QRW VKRZQ 7KH 3&5 PDGH ZLWK 262 
FKURPRVRPDO'1$IURPMycobacterium aviumVXEVSparatuberculsosisRIW\SH&DPSOLILHG263 
ZLWKRXW YDULDELOLW\ D IUDJPHQW RI  SE DJDLQVW  SE ZLWK FKURPRVRPDO '1$ IURP264 
Mycobacterium avium VXEVSparatuberculsosis/1DQGSEZLWK FKURPRVRPDO'1$265 
IURP  VWUDLQV RIMycobacterium avium VXEVS paratuberculsosis RI W\SH 6  VWUDLQV RI266 
Mycobacterium avium VXEVSavium DQG Mycobacterium avium VXEVShominissuis ),*267 
$'7KHVHUHVXOWVDVFHUWDLQHG WKDWZLWKLQ WKHVXEVSHFLHVparatuberculosis WKH OLQHDJH6268 




 Natives expression of the two forms HBHA produced by Mycobacterium avium subsp. 273 
paratuberculosis274 
7R DVFHUWDLQ WKDW in vivoMycobacterium avium VXEVS paratuberculsosis W\SH 6 H[SUHVV D275 
+%+$ORQJHUWRWKDWRIMycobacterium aviumVXEVSparatuberculsosisW\SH&LPPXQREORW276 
DQDO\VHV ZHUH SHUIRUPHG :KROH FHOO O\VDWH RI Mycobacterium avium VXEVS277 
paratuberculsosis W\SH& VWUDLQ. DQGMycobacterium avium VXEVSparatuberculsosis278 
W\SH 6 VWUDLQ  ZHUH DQDO\]HG XVLQJ WKH PRQRFORQDO DQWLERG\ (  7KHVH279 
DQDO\VHV FOHDUO\ VKRZQ WKH GLIIHUHQW IRUP RI +%+$ SURGXFHG LQ HDFK OLQHDJH RI280 
Mycobacterium aviumVXEVSparatuberculsosis ZLWKDQ+%+$W\SH&RIDSSUR[LPDWHO\281 
N'DDJDLQVWD+%+$W\SH6RIDSSUR[LPDWHO\N'D),*282 
283 




6 W\SH +%+$ LV  DPLQR DFLG UHVLGXHV ORQJ ZKHUHDV WKHMycobacterium avium VXEVS288 
paratuberculsosisRI W\SH&+%+$LVDPLQRDFLGV ORQJDQG WKHMycobacterium avium289 
VXEVS paratuberculsosis VWUDLQ /1 +%+$ LV  DPLQR DFLGV ORQJ 7KH VHTXHQFH290 
VLPLODULWLHVDPRQJWKH+%+$SURWHLQVDUHSDUWLFXODUO\KLJKXSWRUHVLGXH7KHVHTXHQFHV291 
ZHUHPRUH GLYHUJHQW LQ WKH &WHUPLQDO UHJLRQV RI WKH SURWHLQV 7KH &WHUPLQDO O\VLQHULFK292 
UHSHDWV UHJLRQRI+%+$LVUHVSRQVLEOHRI WKHKHSDULQELQGLQJ7KHGLYHUJHQFHVREVHUYHGLQ293 




  VKRZQDGLUHFWFRUUHODWLRQEHWZHHQQXPEHURI/\VLQHULFK UHSHDWVDQGKHSDULQELQGLQJ298 
DFWLYLW\6LQFHWKH+%+$SURGXFHGE\WKHMycobacterium aviumVXEVSparatuberculsosisRI299 
W\SH 6 FRQWDLQV  UHSHDWV 5 ZH FDQ VSHFXODWH WKDW LW KHSDULQ ELQGLQJ DFWLYLW\ VKRXOG EH300 
VLPLODUWRWKDWRI+%+$SURGXFHGLQMycobacterium aviumVXEVSavium.301 
302 
Capacity of HBHA-Map to bound heparin Sepharose  303 
7RFRQILUPWKDWGXHWKHSUHVHQFHRIO\VLQHULFKUHSHDWVWKH+%+$SURGXFHGE\WKH6W\SH304 
RI Mycobacterium avium VXEVS paratuberculsosis PD\ KDYH PRUH DIILQLW\ WR KHSDULQ LQ305 





5 UHSHDWV DQG HOXWHG ZLWK P01D&O KLJKOLJKWV DQ LPSRUWDQFH SKHQRW\SLF GLIIHUHQFH311 
ZLWKLQWKHVXEVSHFLHVSDUDWXEHUFXORVLV312 
313 
SPR analysis of the HBHA-Heparin interactions314 
6XUIDFH 3ODVPRQ 5HVRQDQFH WHFKQRORJ\ ZDV XVHG WR TXDQWLI\ VSHFLILF LQWHUDFWLRQ RI315 
UHFRPELQDQWV +%+$ ZLWK KHSDULQ 7KH UHFRPELQDQW +%+$ IURP Mycobacterium avium316 
VXEVS paratuberculsosis RI W\SH & U+%+$0DS W\SH &, Mycobacterium avium VXEVS317 
paratuberculsosis RI W\SH 6 U+%+$0DS W\SH 6 Mycobacterium avium VXEVS318 
paratuberculsosisVWUDLQ/1U+%+$0DS/1ZHUHSURGXFHGLQ(FROLDQGSXULILHGE\319 
KHSDULQ6HSKDURVH ,Q DGGLWLRQ U+%+$0V IURP Mycobacterium smegmatis U+%+$%&*320 
IURPMycobacterium bovis%&*DQGU+%+$ǻ&WHUPLQDOIURPMycobacterium aviumVXEVS321 
paratuberculsosisGHVFULEHGLQWKHOLWHUDWXUHKDYHEHHQXVHGLQWKLVVWXG\DVFRQWUROV322 
 $V VKRZQ RQ )LJ  U+%+$ǻ&WHUPLQDO ZDV XQDEOH WR LQWHUDFW ZLWK KHSDULQ VHQVRU FKLS323 
ZKHUHDVRWKHUVU+%+$ELQGKHSDULQZLWKGLIIHUHQWDIILQLW\OHYHOV+%+$ZHUHGLVWLQJXLVKHG324 




WKH DIILQLW\ LV KLJKHU 7KHVH UHVXOWV DUH LQ FRQFRUGDQFHZLWK TXDOLWDWLYH UHVXOWV REWDLQHG E\329 
DIILQLW\FKURPDWRJUDSK\DQGVWUHQJWKHQWKHUHODWLRQEHWZHHQVWUXFWXUHRI+%+$DQGIXQFWLRQ330 
WRELQGKHSDULQ LV UHODWHG WR WKHQXPEHU DQGGLVSRVLWLRQRISRVLWLYH FKDUJHVERUHE\ WKH&331 
WHUPLQDOGRPDLQ332 
333 
Sera from Johne’s disease animals react with HBHA produced by Mycobacterium avium334 
subsp. paratuberculosis335 
7R GHWHUPLQH WKH DQWLJHQLF SURSHUWLHV RI +%+$ SURGXFHG E\Map ZH SHUIRUPHG (/,6$336 
XVLQJVHUDZHOOFKDUDFWHUL]HGIURPFOLQLFDOLQIHFWHGDQLPDOVE\MapW\SH&RU6RQU+%+$337 
MapRI W\SH&DQG67KHVHUDIURPDQLPDOV LQIHFWHGE\0DSRI W\SH&RU7\SH6UHDFWHG338 
VLPLODUO\ZLWKU+%+$RIW\SH6RU&),*7KH+%+$%&*DQG33'RIMycobacterium 339 




 DISCUSSION 344 
345 
'XULQJ WKH HDUO\ VWHS RI LQIHFWLRQ SDWKRJHQLF PLFURRUJDQLVPV LQWHUDFW ZLWK FHOO VXUIDFH346 
UHFHSWRUVRI HXNDU\RWHV FHOOV WKDW DUHQRUPDOO\ UHTXLUHG IRU WKHLUSK\VLRORJLFDO SURFHVVHV WR347 
PHGLDWH VLJQDO WUDQVGXFWLRQ DV ZHOO DV FHOOFHOO DQG FHOOPDWUL[ H[WUDFHOOXODU FRPSRQHQWV348 
LQWHUDFWLRQV,QP\FREDFWHULDWZRPDMRUDGKHVLQVQDPHG+%+$DQG/%3KDYHEHHQUHSRUWHG349 
WREHLQYROYHGLQWKHVHVSHFLILFLQWHUDFWLRQVZLWK*$*VPROHFXOHVVXFKDV350 
KHSDUDQ VXOSKDWH SUHVHQW RQ WKH VXUIDFH RI YDULRXV HXNDU\RWLF FHOOV W\SHV  7KLV VWXG\351 
IRFXVHG RQ WKH +%+$ LQLWLDOO\ GHVFULEHG LQ Mycobacterium tuberculosis  +HUH ZH352 
LGHQWLI\WKH+%+$H[SUHVVHGE\WKHMycobacterium aviumVXEVSparatuberculosis RIW\SH6353 
DQGFRPSDUHGKLVELRFKHPLFDOSURSHUWLHVWRWKDWRIW\SH&354 
In silicoDQDO\VHVVKRZQWKDWWKH&WHUPLQDORIWKH+%+$LGHQWLILHVLQMycobacterium avium355 
VXEVS paratuberculosis GLYHUJHG DFFRUGLQJ WR WKH W\SH 6 v.s. & 8QWLO QRZ WKH +%+$356 






WKH SURWHLQ7KLV LV SDUWLFXODUO\ LPSRUWDQW IRU LW IXQFWLRQ DV DGKHVLQ EHFDXVH WKLV GRPDLQ LV363 
UHVSRQVLEOHIRUWKHELQGLQJRIWKH+%+$WRKHSDUDQVXOSKDWH364 
2QHRIWKHPDMRURXWFRPHVRIWKLVVWXG\ZDVWRGLVFRYHUWKDWWKHVWUDLQVRIW\SH6+%+$ZDV365 
VLPLODUWRWKDWH[SUHVVHGLQMycobacterium avium VXEVS avium)XUWKHUPRUHDUHFHQW366 
VWXG\ VKRZQ WKDW WKURXJK WKHLU SHQWD O\VLQHULFK UHSHDWV WKH DIILQLW\ RI WKHVH +%+$ IRU367 
KHSDULQZDVDVKLJKDVWKDW+%+$H[SUHVVHGLQMycobacterium tuberculosis7KHUHIRUH368 
 WKHSRO\PRUSKLVPRI+%+$DGGVQHZHYLGHQFH WKDW LQ WKHVXEVSHFLHVparatuberculosis WKH369 
VWUDLQV RI OLQHDJH 6 DQG & KDYH D GLVWLQFW SKHQRW\SH 7KHVH GDWD DOVR MRLQ WKH UHVXOWV RI370 
SK\ORJHQ\ZKLFKSODFHVMycobacterium avium VXEVS paratuberculosis RIW\SH 6FORVHWRWKH371 
VXEVSHFLHVaviumLQWKHPRGHORIHYROXWLRQRIWKH0$& 7\SLQJPHWKRGVZHUHDEOHWR372 
VXEGLYLGHWKH6W\SHLQDWOHDVWWZRRWKHUW\SHV%LHWHWDO%0&,QRXUVWXG\ZHIRXQG373 
QRVHTXHQFHVYDULDELOLW\RI+%+$LQWUD W\SHH[FHSW IRU/1VWUDLQ%XW IRU WKLVSDUWLFXODU374 
VWUDLQWKHDQDO\VHVRI$OH[DQGHUHWDOKDYHVKRZQWKDWLQWKHHYROXWLRQPRGHO/1LVDQ375 
LQWHUPHGLDWHEHWZHHQMycobacterium aviumVXEVSparatuberculosisRIW\SH6DQG&376 
7KLV VWXG\ UHYHDOHG WKDWMycobacterium avium VXEVS paratuberculosis H[SUHVVHG GLVWLQFW377 
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 FIGURE LEGENDS 508 
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FIG. 1. Variability inter and intra-species on the hbha gene. 510 
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UHSUHVHQWDWLYH VDPSOH RI  VWUDLQV DQDO\]HG  Mycobacterium avium VXEVS516 
paratuberculosis /1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RQH517 
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3ULPHUVXVHGZHUHGHGXFHGIURPWKH+%+$518 
HQFRGLQJ JHQH RI 07% 7KH PROHFXODU ZHLJKW PDUNHUV ESODGGHU 3URPHJD DUH519 
LQGLFDWHGLQWKHOHIWPDUJLQ7KHJUDSKVKRZVDQDO\VHRIRQHVWUDLQ520 
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FIG. 2. Distinct hbha within the subspecies paratuberculosis ascertain on a large 522 
collection of isolates.523 
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FIG. 3. Natives HBHA expressed by Mycobacterium avium subsp. paratuberculosis of 537 
type C and S. 538 
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FIG. 4. Alignment of the HBHA sequences from different mycobacterial species. 545 
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 FIG. 5. Difference of heparin interaction of rHBHA from Mycobacterium avium subsp. 558 
paratuberculosis of type C, LN20 and S by heparin-Sepharose chromatography.559 
/\VDWHV RI E. coli H[SUHVVLQJ UHFRPELQDQWV +%+$ RI Mycobacterium avium VXEVS560 
paratuberculosisRIW\SH&(A)Mycobacterium avium VXEVS paratuberculosis/1(B) DQG561 
Mycobacterium avium VXEVS paratuberculosis RI W\SH 6 (C) ZHUH VRQLFDWHG 7KH VROXEOH562 
PDWHULDO ZDV VXEMHFWHG RQWR KHSDULQ6HSKDURVH FKURPDWRJUDSK\ DQG HOXWHG XVLQJ D 0563 




FIG. 6. Quantification of binding activity to heparin of rHBHA of Mycobacterium avium568 
subsp. paratuberculosis of type C, LN20 and S by Biacore technology.569 
635DQDO\VLV RI UHFRPELQDQW+%+$ELQGLQJ WR KHSDULQZDV SHUIRUPHG RQ%,$FRUH 7570 
*( +HDOWKFDUH %LRWLQ\ODWHG KHSDULQ ZDV LPPRELOL]HG RQ D VWUHSWDYLGLQH FRDWHG &0571 
VHQVRUFKLS5HFRPELQDQW+%+$SUHYLRXVO\SXULILHGE\KHSDULQVHSKDURVHFKURPDWRJUDSK\572 
ZHUH LQMHFWHG RYHU D UDQJH RI FRQFHQWUDWLRQV DW D IORZ UDWH RI  O PLQ 5HFRPELQDQW573 
+%+$ǻ&ZDVXVHGDVQHJDWLYHFRQWURO.'ZDVGHWHUPLQHGE\WKHHTXLOLEULXPPHWKRG574 
575 
FIG. 7. Identical reactivity of a panel of serum from infected cattle and sheep with the576 
rHBHA from Mycobacterium avium subsp. paratuberculosis of type C or S.577 
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Mtb          1  MAEN--SNIDDIKAPLLAALGAADLALATVNELITNLRERAEETRTDTRSRVEESRARLTKLQEDLPEQLTELREKFT---------AEELRKAAEGYLEAATSRYNELVERGEAALERL 109  
Mb           1  MAEN--SNIDDIKAPLLAALGAADLALATVNELITNLRERAEETRTDTRSRVEESRARLTKLQEDLPEQLTELREKFT---------AEELRKAAEGYLEAATSRYNELVERGEAALERL 109 
Ml           1  MAEN--PNVDDLRAPLLAALGAADLALTTVNELVGNMRERAEETRIDTRSRVEESRARVAKLQEVLPEHLSELREKFT---------ADELRKAAEGYLEAATNRYNELVERGEAALERL 109 
Mah          1  MAEN--PNIDDLPAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVEERRARLTKFQEDLPEQFIELRDKFT---------TEELRKAAEGYLEAATNRYNELVERGEAALQRL 109 
Maa          1  MAEN--PNIDDLRAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVGERRARLTKFQEDLPEQFTELRDKFT---------TEELRKAAEGYLEAATNRYNELVERGEAALQRL 109 
MapS         1  MAEN--PNIDDLPAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVEERRARLTKFQEDLPEQFIELRDKFT---------TEELRKAAEGYLEAATNRYNELVERGEAALQRL 109 
MapLN20      1  MAEN--PNIDDLPAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVEERRARLTKFQEDLPEQFIELRDKFT---------TEELRKAAEGYLEAATNRYNELVERGEAALQRL 109 
MapC         1  MAEN--PNIDDLRAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVEERRARLTKFQEDLPEQFTELRDKFT---------TEELRKAAEGYLEAATNRYNELVERGEAALQRL 109 
Ms           1  MADKTQPTVEELKAPLLAAVGAADLALATVNEIIATLLERAGEARSDAEARVEESRARLTKLQEELPSQFGELREKLNSDELRKKLNSEELRKAAESYADQATATYNKLVERGEAALERL 120 
Consensus       **::  ..:::: ******:*******:***::: .: *** *:* ::.:** * ***::*:** **.:: ***:*:.         ::*******.* : **  **:*********:** 
 
Mtb        110  RSQQSFEEVSARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPKKAAPAKKAA---PAKKAAPAKKAA----------AKKAPAKKA---------AAKKVTQK- 199 
Mb         110  RSQQSFEEVSARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPKKAAPAKKAA---PAKKAAPAKKAA----------AKKAPAKKA---------AAKKVTQK- 199 
Ml         110  RSRPVFEDASARAEGYVDQAVELTQEALGTVASQTRAVGGRAAKLVGIELPKKAA--------------APARKAP----------AKKAPAKKA---------PAKKVTQK- 188 
Mah        110  RSQTAFEDASARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPGKAEAAGK-------KAQKAIAKAPAKKAPAKKAPAKKAPAKKA---------AAKKVTQK- 205 
Maa        110  RSQTAFEDASARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPGKAEAAGK-------KAQKAIAKAPAKKAPAKKAPAKKAPAKKA---------AAKKVTQK- 205 
MapS       110  RSQTAFEDASARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPGKAEAAGK-------KAQKAIAKAPAKKASAKKAPAKKAPAKKA---------AAKKVTQK- 205 
MapLN20    110  RSQTAFEDASARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPGKAEAAGK-------KAQKAIAKAP----------AKKAPAKKA---------AAKKVTQK- 195 
MapC       110  RSQTAFEDASARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPGKAEAAGK-------KAQKAIAKAP----------AKKAP--------------AKKVTQK- 190 
Ms         121  RNQPALEEAATRVETYTDQAVELTQEALGTVASQTRAVGERAAKLVGVELPKRAEAAAETASEAAAETAEPVKKAAAPAAKKAAPAKKAAPAKKATPAKSAAKAPAKKVTQK- 232 





                                                                        1&KDUJHV          3, 
Mtb        160  P------KKAAPAKKAAPAKKAAPAKKAAAKKAPAKKAAAKKVTQK- 199         15             9.6 
Mah        160  PGKAEAAGKKAQKAIAKAPAKKAPAKKAPAKKAPAKKAAAKKVTQK- 205         16             10.2 
Maa        160  PGKAEAAGKKAQKAIAKAPAKKAPAKKAPAKKAPAKKAAAKKVTQK- 205         16             10.2 
MapS       160  PGKAEAAGKKAQKAIAKAPAKKASAKKAPAKKAPAKKAAAKKVTQK- 205         16             9.9 
MapLN20    160  PGKAEAAGKKAQKAIA----------KAPAKKAPAKKAAAKKVTQK- 195         12             8.9 
MapC       160  PGKAEAAGKKAQKAIA---------------KAPAKKAPAKKVTQK- 190         10             7 
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Heterogeneity1of1subspecies1Mycobacterium,avium,paratuberculosis
From1genotype1to1phenotype
Figure 1. C and SMap strains are distinguished by their RFLP profile. Dendrogram based
on IS900ORFLP analysis show distinctly the groups of Map strains: type C and S. Similarities were
calculated as Dice coefficients. Colour code: dark blue=bovin; green=pig (Map LN20); light
blue=caprin; red=ovin & yellow=deer. Results were analyzed by BioNumerics® software v. 6.5
(Applied Maths, Belgium).
 The aminoOacid sequence and distribution of
positive charges in the C>terminal domain of HBHA
inMap subspecies shows variability
 Two forms of HBHA are highlighted in the Map
subspecies: Map type S expresses HBHA with a long
COterminal domain similar to that of M. a. hominissuis
unlike to HBHA expressed inMap of type C which has
a short COterminal domain
 Correlation between the length of their CO
terminal domain and their affinities to heparin was
characterized
 HBHA produced by Map type C and S are
recognized by sera from infected cattle and sheep
without specificity
TO_PHENOTYPE
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 HBHA provides a new phenotypic
evidence of a subdivision of the Map
strain in a type C and S
 HBHA expressed by Map is an
adhesin but also a biomarker of each
type of this subspecies
Mycobacterium avium subsp. paratuberculosis (Map) is the etiologic agent of
Johne’s disease (or paratuberculosis), a highly prevalent chronic enteric disease
causing significant economic loss worldwide (1). Map strains are isolated essentially
from ruminants but it can also affect a wide range of other species (2). Genotyping
methods have clearly discriminate two groups of Map called type C and type S for
Cattle and Sheep, respectively (3). Both types are adapted to the gastrointestinal tract
but the mechanism of entry through the M cells and epithelial cells is not fully
elucidated.
In this study, we investigated the phenotype ofMap>host interaction for each
type of Map through the characterization of the major Heparin Binding
Hemagglutinin Adhesin (HBHA), described in M. tuberculosis for playing a crucial role
for extrapulmonary dissemination of the bacillus (4, 5).







































































































Figure 2. Variability inter> and intra> species on the hbha gene.
Schematic representation of the PCR performed on the NO terminal
domain (A) and COterminal domain (B) of hbha gene. 1. M. tuberculosis
2. M. bovis BCG 3. M. a. hominissuis 4. M. a. avium 5. M. a. sylvaticum 6.
Map type S 7. Map LN20 8. Map type C. The molecular weight markers
(100bpOladder, Promega®) are indicated in the left margin.
Figure 3. Distinct hbha gene ascertain on a large collection of Map isolates.
The PCR product corresponding to the COterminal domain of the hbha gene was
amplified using sequences of hbha primers labelled in 5’ with a 6Ocarboxyfluorescein
as fluorophore. Results were visualized using the ABI GeneMapper software v. 4.0
with a 600 LIZ® size standards (Applied bioOscience, USA). The theoretical values are
expected to size is 150bp for Map type C (A) 165bp for Map LN20 (B) and 195bp for
Map type S (C). Analysis was performed on 65 strains ofMap type C and 18 strains of
Map type S including all main genotypes of this subspecies. n: number strains
analyzed.
Figure 5. Difference in binding activity to heparin of rHBHA of
Map subtype C, LN20 and S by chromatography. Lysates of E. coli
recombinants for HBHA of Map were sonicated, the soluble material
was subjected onto heparin sepharose chromatography and eluted
using a 0O1M NaCl gradient. SDSOPAGE analysis were performed on
Whole Cell Lysat (WCL), FlowOThrough (FT) and elution fractions of
rHBHA. Recombinant HBHA from Map type C (A), Map LN20 (B) and
Map type S (C). The molecular mass markers (MM) expressed in kDa are
indicated in the left margin.
Figure 6. Quantification of binding activity to heparin of rHBHA of Map
subtype C, LN20 and S by Biacore® technology. SPR analysis of recombinant
HBHA binding to heparin was performed on BIAcore® T100 (GE Healthcare).
Biotinylated heparin were immobilized on a streptavidine coated CM4 sensorO
chip. Recombinant HBHA, previously purified by heparin sepharose
chromatography, were injected over a range of concentrations at a flow rate of
30µl minO1 . Running buffer as Tris 50mM, NaCl 50mM, 0,05% Tween 20, ph 7,2.
Recombinant HBHA d C was used as negative control. KD were determined by
the equilibriummethod.
FROM_GENOTYPE
Figure 4. Natives HBHA expressed by Map type C and S.
Whole cell lysat of Map type C and Map type S were analyzed by
western blot using a monoclonal antibody 3921E4 and revealed
with goat antiOmouse Ig G & M coupled with phosphatase alcaline.
The molecular mass markers expressed in kDa are indicated in the
left margin.
Figure 7. HBHA from Map type C and S are recognized by sera from infected
cattle and sheep showing no specificity. Plates were coated with 50 µl of PPD,
recombinant BCG HBHA,Map type S HBHA orMap type C at 0.1 mg mlO1 in PBS at 37 rC
overnight. Plates were then washed and blocked for 1 h at 37 rC with PBS/T
containing 0.5% Gelatine (PBS/T/G). Serum used include a Map positive commercial
serum (1) a Map negative commercial serum (2) and serums obtained from ruminants
infected by Map of type C (3) or type S (4). Each serum sample was diluted at 1:100 in
50 µl PBS/T/G, and incubated for 2.5 h at 37 rC. Plates were then washed and
incubated for 90 min at 37 rC with 50 µl peroxidaseOconjugated antiOruminantOIgG
diluted at 1:600 in PBS/T/G. After washing, plates were washed and 50 µl peroxidase
substrate was added during 30 min at 37 rC. The reaction was stopped with 50 µl
NHCl and the plates were read photometrically at 490 nm.
PPD
HBHA Map type C
HBHA BCG
HBHA Map type S
1 2             3 4 1 2             3 4
1             2         3 4 1             2             3 4
rHBHA:







VXEVS paratuberculosis RSWLPL]DWLRQ RI FXOWXUH FRQGLWLRQV DQG
GHYHORSPHQWRIWKH)3/&SXULILFDWLRQRQKHSDULQ6HSKDURVH
Louise H. Lefrancois, Christelle C. Bodier, Sophie Lecher, Florence B. Gilbert, Thierry Cochard, Ana Paula 
Teixeira-Gomez, Dominique Raze, Camille Locht and Franck Biet. 

Introduction :/HSRWHQWLHOGLDJQRVWLTXHHWYDFFLQDOGHOD+%+$GHM. a. paratuberculosis
.+%+$&QHSHXWrWUHpYDOXpTX¶DYHFODIRUPHQDWLYHGHODSURWpLQHGjODSUpVHQFH
GHPRGLILFDWLRQVSRVWWUDGXFWLRQQHOOHV3DUDLOOHXUV ODSXULILFDWLRQGHVDGKpVLQHVQDWLYHVGHV
P\FREDFWpULHV HVW XQH pWDSH LQGLVSHQVDEOH SRXU SRXYRLU DQDO\VHU OHXUV SURSULpWpV
ELRFKLPLTXHV HW OHXUV FDSDFLWpV LPPXQRJqQHV 'DQV QRWUH SUpFpGHQWH pWXGH 5pVXOWDWV
$57,&/(,,QRXVDYRQVFRQVWDWpTXHOD+%+$GHM. a. paratuberculosisGHW\SH&SRVVqGH
XQ GRPDLQH&WHUPLQDO SOXV FRXUWPRLQV FKDUJp SRVLWLYHPHQW HW VH WUDGXLVDQW SDU XQ SRLQW
LVRpOHFWULTXHSOXVIDLEOHTXHOD+%+$GHM. tuberculosis
Objectifs : &RQQDLVVDQW OHV GLIILFXOWpV GH FURLVVDQFH GH M. a. paratuberculosis HW OHV
VSpFLILFLWpV GH VWUXFWXUH GH OD+%+$& QRXV GHYRQV RSWLPLVHU OHV FRQGLWLRQV GH FXOWXUH HW
GpILQLUOHVFRQGLWLRQVRSWLPDOHVGHFKURPDWRJUDSKLHSRXUSXULILHUOD+%+$&QDWLYH
Résultats : /D SXULILFDWLRQ GH O¶DQWLJqQH +%+$& D pWp UpDOLVpH SDU OD PpWKRGH GH
FKURPDWRJUDSKLHG¶DIILQLWpSRXUO¶KpSDULQH/HSUHPLHUHVVDLGHSXULILFDWLRQjSDUWLUGHO\VDW
GHM. a. paratuberculosis . DYHF ODPpWKRGH GpFULWH SRXU OD+%+$ GHM. smegmatis




GHV +%+$ UHFRPELQDQWHV VDQV WDJ KLVWLGLQH SURGXLWHV FKH]E. coli U+%+$ 2EWHQLU XQH
ELRPDVVHVXIILVDQWHSRXUXQHSXULILFDWLRQQpFHVVLWHXQWHPSVG¶DWWHQWHORQJGjODFURLVVDQFH
H[WUrPHPHQWOHQWHGHM. a. paratuberculosis/DU+%+$&DpWpDQDO\VpHVXUGHX[W\SHVGH
PDWULFH G¶KpSDULQH L 8QH PDWULFH G¶KpSDULQH HQ SRXGUH HPSDTXHWpH GDQV XQH FRORQQH









FXOWXUHGHM. a. paratuberculosis HQ IHUPHQWHXU VRXV DJLWDWLRQDYHFXQHFXOWXUH VWDWLTXH HQ
IODFRQ DILQ G¶pYDOXHU OHV FRQGLWLRQV GH FURLVVDQFH OHV SOXV IDYRUDEOHV SRXU REWHQLU XQH
ELRPDVVH VXIILVDQWH /HV UpVXOWDWV RQW PRQWUp SDU WURLV H[SpULHQFHV LQGpSHQGDQWHV TXH OD
SURGXFWLRQ GH ELRPDVVH GHM. a. paratuberculosis GH W\SH & HQ ELRIHUPHQWHXU HVW  IRLV
VXSpULHXUHjFHOOHREWHQXHHQIODFRQ/HVFXORWVGHEDFWpULHVRQWpWpFRQJHOpVj&DILQrWUH
XWLOLVpVSRXUODSXULILFDWLRQGHOD+%+$&QDWLYH
$SUqVSOXVLHXUV HVVDLV QRXV DYRQVGpPRQWUpTXH O¶XWLOLVDWLRQG¶XQ WDPSRQ P07ULV+&O
PRLQV VDOLQ TXH OH  ; 3%6 pWDLW SUpIpUDEOH SRXU IDYRULVHU O¶DFFURFKDJH HIILFDFH GH OD
+%+$& QDWLYH VXU OD FRORQQH G¶KpSDULQH $SUqV LVROHPHQW OD VSHFWURPpWULH GH PDVVH
0606 D SHUPLV G¶LGHQWLILHU OD +%+$& HW O¶DQDO\VH SDUWLHOOH GHV PRGLILFDWLRQV SRVW
WUDGXFWLRQQHOOHVDpWpUpDOLVpH*UkFHjODSXULILFDWLRQGHODIRUPHQDWLYHQRXVDYRQVSXPHWWUH
HQ pYLGHQFH OD SUpVHQFH GH GHX[ JURXSHPHQWV PpWK\OHV VXU OD SDUWLH &WHUPLQDOH GH OD
SURWpLQH DLQVL TXH O¶DFpW\ODWLRQ GH OD SDUWLH 1WHUPLQDOH GH OD +%+$& DSSRUWp SDU GHV
PRGLILFDWLRQVSRVWWUDGXFWLRQQHOOHV
Conclusion-Discussion : 'DQV FHW DUWLFOH QRXV UHWURXYRQV GHX[ LQIRUPDWLRQV PDMHXUHV
FRQFHUQDQW OD +%+$& QDWLYH L $SUqV  MRXUV GH FXOWXUH OD ELRPDVVH GH M. a. 
paratuberculosisREWHQXHHQIHUPHQWHXUHVWSOXVLPSRUWDQWHG¶XQIDFWHXUTXHFHOOHPHVXUpH
HQ IODFRQ LL /¶DGDSWDWLRQ GH ODPpWKRGH GH FKURPDWRJUDSKLH G¶DIILQLWpPLVH HQ SODFH DX
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Mycobacterium avium VXEVS paratuberculosis 0DS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+%+$RIM. tuberculosisRUM. smegmatis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WRGHWHUPLQHWKHFRPSOHWHPHWK\ODWLRQSURILOHRIWKH+%+$H[SUHVVHGLQ0DS$OWKRXJKWKH172 
H[DFW UROH RI WKHPHWK\ODWLRQ UHPDLQV WR EH HOXFLGDWHG WKLV SRVWWUDQVODWLRQDOPRGLILFDWLRQ173 
ZDV VKRZQ FUXFLDO IRU WKH LPPXQRJHQLFLW\ RI WKHM. tuberculosis+%+$ ,QGHHG RQO\ WKH174 












SRVVLEOH WR REWDLQ D ELRPDVV RI  J SHU OLWHU RI FXOWXUH D  WLPHV KLJKHU \LHOG WKDQ LQ187 




S+  WR DOORZ IRU RSWLPDO ELQGLQJ RI PDS+%+$ WR KHSDULQ6HSKDURVH PDWUL[ +5192 
0606 DQDO\VHV UHYHDOHG SRVWWUDQVODWLRQDO PRGLILFDWLRQV VXFK DV SUHVHQFH RI DQ DFHW\O193 
DODQLQHUHVLGXHDWWKH1WHUPLQXVDQGPHWK\OO\VLQHVLQWKH&WHUPLQDOSDUWRIWKHSURWHLQ,Q194 
WKLVVWXG\ZHKDYHWKXVRSWLPL]HGWKH0DSFXOWXUHFRQGLWLRQVDQGWKHSXULILFDWLRQRIQDWLYH195 
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Cloning, sequencing and production of recombinant map-HBHA in E. coli240 
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248 
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256 
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258 
Identification of the purified Map proteins by high resolution mass spectrometry 259 
analysis 260 
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Mycobacterium avium subsp. paratuberculosis (Map) is the etiological agent of paratuberculosis or Johne's disease, a chronic enteric disease causing significant economic losses in the
bovine sector. The diagnosis of this pathogen still lacks of sensitivity through lack available specific antigen. Also virulence mechanisms implemented by the bacteria remain largely
unknown at the present time. In Mycobacterium tuberculosis (MTB), the heparin binding hemagglutinin adhesin (HBHA) has been described as major virulence factor involved in the
mechanism of extraͲpulmonary spread which is a key step to the pathogenesis of MTB. When this protein is produced in native form its carboxylͲterminal domain contains methylations
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First tests to purify mapͲHBHA by heparinͲSepharose with conditions used to purify
M. tuberculosis HBHA have been unsuccessful (data not shown).
Comparative amino acid sequence analysis of the HBHA from different mycobacterial species shows
that these molecules are highly conserved but the CͲterminal lysine rich domain is more divergent
(Fig. 1A). These differences might modify the affinity of the adhesin for heparin matrix due to the
distribution of the positively charged lysine involved in the cationͲ and anionͲexchange
chromatography (Fig. 1B).
Due to the specific biochemical characteristics of HBHA expressed by Map, in particular the charges
present in the CͲterminal of the protein part, Map lysate must be prepared in 20 mM TrisͲHCl (pH 7.2)
buffer, to allow an optimal binding of the mapͲHBHA onto the heparinͲSepharose. HBHA was purified
in its native form in the fraction number 10 at ca. 200 mM NaCl (Fig. 2A). Immunobloting analysis of
this fraction with the monoclonal antibody 3921E4 allowed identify mapͲHBHA (Fig. 2B). The mapͲ
Lbp/Hlp has been identified by mass spectrometry between fraction number 20 to 28 eluted at ca.
450 mM NaCl.
HCD)
1Ͳ AnalysisoftheHBHAsequences 2Ͳ NativemapͲHBHApurification
Fig. 2 : (A) Coomassie blueͲstained SDS–PAGE gel of WCL and elution fractions obtained after
heparinͲSepharose affinity chromatography. MW: molecular weight; WCL : Whole Cell Lysat; F5 to
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Fig. 1 : (A) Multiple sequence alignment was performed using the Clustal W program with the BLOSUM64 matrice
allowing gaps (Ͳ). "*" : identical residues in all sequences. ":" : conserved substitutions. "." : semiͲconserved substitutions.
Mtb, M. tuberculosis; BCG, M. bovis BCG; Mah, M. avium subsp. Hominissuis; Map, M. avium subsp. Paratuberculosis and

















F35 correspond to elution fraction number. (B) Immunobloting analysis of the fraction 10 contained
the mapͲHBHA, revealed by the monoclonal antibody 3921E4.
Msmeg, M. smegmatis. (B) Distribution of positives charges within the CͲterminal domain of HBHA. The isoelectric point
of each protein is indicated in bracket.
A
Identification of native mapͲHBHA from fraction 10 was confirmed by mass spectrometry analysis. It was identified as the first hit
with 13 unique peptides in 158 total spectra and 49% sequence coverage. Characterization of mapͲHBHA allowed to identify
three postͲtranslational modification types: NͲterminal alanine acetylation (+42) with the removal of NͲterminal methionine and
two lysine methylation sites in the CͲterminal domain of the protein (Fig. 3 and Table 1).
3Ͳ IdentificationandstructuralcharacterizationofnativemapͲHBHAbymassspectrometry
Fig. 3 : (A) Amino acid sequence of HeparinͲbinding hemagglutinin adhesin with identified peptides highlighted in yellow and sites of postͲtranslational
modifications localized by Scaffold PTM drawn in blue or green. (B) MS/MS spectrum of acetylated peptide with removal of initiator methionine












A*ENPNIDDLR Ͳ0.8 Acetylation A2 205.33 1000.00
AAK*LVGIELPGK Ͳ1.3 Methylation K153 240.40 271.01
LVGIELPGKAEAAGK* Ͳ1.5 Methylation K168 268.88 105.70
Table 1 : Modified peptides identified from native mapͲHBHA. PostͲtranslational sites
localization are determined by the Ascore algorithm used in Scaffold PTM and are marked by
pound (*). The Ascore is specific for site localization and uses the Peptide Score to determine
the mostͲlikely candidates. Sites with Ascore values ш 20 are considered confidently localized
(pч0.05). The Peptide Score is a probabilityͲbased score for the entire peptide match (not just
the modification sites).
In this study, we described a new purification procedure which led to the isolation of the native mapͲHBHA. The mass spectrometry analysis has revealed the presence of several postͲ
translational modifications including acetylation on the NͲterminal end of the protein, initiator methionine removal and two sites of lysine methylation in the carboxylͲterminal domain
of the protein. The prospects of this work will seek to complete characterization of postͲtranslational modification sites in this protein and to discover if they play a role, on the one
hand, in pathogenicity and on the other hand, on the induction of a cellular immune response in order to improve the diagnostic test.
Plate-Forme d’Analyse Intégrative des Biomarqueurs (PAIB)
Laboratoire de Spectrométrie de Masse
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1RXV DYRQV UpDOLVp O¶pWXGH VXLYDQWH HQ PDUJH GX SURMHW GH WKqVHM. intracellulare HVW XQ
SDWKRJqQH KXPDLQ DYHF XQ WURSLVPH SXOPRQDLUH TXL HVW JpQpWLTXHPHQW GLVWLQFW GH O¶HVSqFH





(WXGH ,9  3URILO G¶H[SUHVVLRQ G¶DGKpVLQHV FKH] Mycobacterium 
intracellulare.
Louise H. Lefrancois, Thierry Cochard, Christelle C. Bodier, Eve Haguenoer, Philippe Lanotte, Jeanette 
Maugein, Franck Biet. 


Résultats non publiés 
 ,QWURGXFWLRQ
/HFRPSOH[HMycobacterium avium-intracellulare 0$&UHJURXSHGHX[HVSqFHVWUqVSURFKHV
Mycobacterium avium HW Mycobacterium intracellulare 0L TXL Q¶pWDLHQW SDV DLVpPHQW
GLIIpUHQWLDEOHVMXVTX¶jFHVGHUQLqUHVDQQpHV/HVSURJUqVUpFHQWVGHJpQpWLTXHEDFWpULHQQHHW
OHVPR\HQVG¶LGHQWLILFDWLRQPROpFXODLUHSHUPHWWHQWPDLQWHQDQWGHELHQOHVLQGLYLGXDOLVHU&HV
P\FREDFWpULHV QRQ WXEHUFXOHXVHV VRQW GHV SDWKRJqQHV RSSRUWXQLVWHV FKH] O¶KRPPH HW
UHVSRQVDEOHV GH PDODGLHV SDUIRLV VpYqUHV FKH] GH QRPEUHXVHV HVSqFHV DQLPDOHV &KH]
O¶KRPPHM. intracellulareUHSUpVHQWHODGHX[LqPHFDXVHGHPDODGLHDSUqVOHVP\FREDFWpULHV
GX FRPSOH[H tuberculosis DYHF XQ SRXYRLU SDWKRJqQH SOXV LPSRUWDQW TXHM. avium FKH] OH






LPSOLTXpV GDQV OD SDWKRJpQLFLWp GHM. intracellulare &¶HVW SRXUTXRL QRXV DYRQV FKHUFKp j











*UkFH j XQH FROODERUDWLRQ pWURLWH DYHF OH 'U 3KLOLSSH /DQRWWH GX VHUYLFH %DFWpULRORJLH
9LURORJLH GH O¶K{SLWDO %UHWRQQHDX GH 7RXUV QRXV DYRQV SX REWHQLU GHV LVRODWV FOLQLTXHV
JpQRW\SpVGHM. intracellulareSURYHQDQWGHGLIIpUHQWHVSDWKRORJLHV'DXFK\&HV
























/HV FRQGLWLRQV3&5 VRQW OHV VXLYDQWHV GDQV XQ YROXPH ILQDO GH / /GH FKDTXH
FRXSOH G¶DPRUFHV  33RX33 j 0 /GH G173P0 3URPHJD /GH
WDPSRQ *R7DT ;  / GH 0J&O  P0 3URPHJD  ȝ/ GH '062 'LPHWK\O
VXOIR[LGH6LJPD$OGULFK/GH*R7DT)OH[L3URPHJDj8ȝ/HW/G¶$'1
/HF\FOH3&5DpWpUpDOLVpGDQVXQWKHUPRF\FOHXU7&7HFKQHGHODPDQLqUHVXLYDQWH





/D SXULILFDWLRQ GHV DGKpVLQHV GH M. intracellulare $7&&  D pWp UpDOLVpH GDQV OHV
FRQGLWLRQVSUpFpGHPPHQWGpFULWHV5pVXOWDWV3$57,(,,
/H FXORW GHM. intracellulare $7&&  HVW UHSULV GDQV GX 7S$ FHQWULIXJp  PLQ j
J SXLV UHSULV GDQV  P/ GH  P0 7ULV+&O  7ZHHQ  S+  /HV
pFKDQWLOORQV VRQW FRQVHUYpV GDQV OD JODFH GXUDQW OHV SURFKDLQHV pWDSHV DILQ G¶pYLWHU OD
SURWpRO\VH/HVEDFWpULHVVRQWHQVXLWHO\VpHVSDUVRQLFDWLRQ%UDQVRQ'SXOVDWLRQV
LQWHUYDOOHVHFGXUpHSXOVDWLRQPLQ/HVO\VDWVVRQWFHQWULIXJpVj&SHQGDQWPLQ
j J HW OHV VXUQDJHDQWV VRQW ILOWUpV j  ȝ DYDQW G¶rWUH DSSOLTXpV VXU XQH FRORQQH
+L7UDS+HSDULQ+3 GH P/ SUpDODEOHPHQW pTXLOLEUpH DYHF GX P0 7ULV+&O S+ 
/¶pFKDQWLOORQHVWSDVVpVXUODFRORQQHDYHFXQGpELWFRQVWDQWGHP/PLQ/DFRORQQHHVW
HQVXLWH ODYpHDYHFGXP07ULV+&O S+ MXVTX
jREWHQLUXQHDEVRUEDQFHSURFKHGH
SXLVOHVSURWpLQHVOLpHVjODPDWULFHVRQWpOXpHVSDUXQJUDGLHQWOLQpDLUHGH01DFOP0





FKURPDWRJUDSKLH G¶DIILQLWp SRXU O¶KpSDULQH VRQW DQDO\VpV VXU XQ JHO 6'63$*( DYHF 
G¶DFU\ODPLGH FRPPH GpFULW SUpFpGHPPHQW /DHPPOL  /HV SURWpLQHV VRQW HQVXLWH
WUDQVIpUpHVVXUXQHPHPEUDQHGHQLWURFHOOXORVHSHQGDQWK$SUqVKGHVDWXUDWLRQDYHFGX
3%67ZHHQ%6$ODPHPEUDQHHVWLQFXEpHDYHFXQDQWLFRUSVPRQRFORQDO(5RXVH









M. intracellulare $7&&  HQ SKDVH H[SRQHQWLHOOH D pWp FHQWULIXJpH SHQGDQW PLQ j
Jj&/HFXORWREWHQXDHQVXLWHpWp ODYpSOXVLHXUV IRLVDYHFGXJO\FpUROSRXU
REWHQLUGHVEDFWpULHVFRPSpWHQWHV3RXUODWUDQVIRUPDWLRQJGHSODVPLGHS607/[(*)3













M. intracellulare $7&&  SRVVpGDQW OH SODVPLGH TXL SRUWH OHV JqQHVgfp HWLux D pWp
XWLOLVpHFRPPHLQRFXOXP$LQVLQRXVSRXYRQVREVHUYHUGHIDoRQTXDOLWDWLYHO¶DGKpVLRQGHM. 
intracellulare*)3 DX[ FHOOXOHV pSLWKpOLDOHV HW OD TXDQWLILHU SDU FRPSWDJH G¶XQLWpV IRUPDQW
FRORQLH8)&3RXUSUpSDUHUO¶LQRFXOXPODVRXFKHUHFRPELQDQWHM. intracellulare*)3/X[
D pWp ODYpH DYHF GX 3%6 SXLV UHPLVH HQ VXVSHQVLRQ GDQV GX '0(0 /HV FHOOXOHV $





 L8QHSDUWLHGHVFHOOXOHV LQIHFWpHVRQWpWp IL[pHVDYHF/GHSDUDIRUPDOGHK\GH
FRORUpHV DYHF / GH EOHX(YDQV  HW REVHUYpHV SDUPLFURVFRSLH j IOXRUHVFHQFH j
REMHFWLILL/¶DXWUHSDUWLHGHVFHOOXOHVLQIHFWpHVDpWpWUDLWpHDYHF/GH6'6
HW  / GH W\OR[DSRO  3XLV GHV GLOXWLRQV VXFFHVVLYHV RQW pWp UpDOLVpHV pWDOpHV VXU
PLOLHX+2$'&+\JURP\FLQHJP/HWOHVFRORQLHVRQWpWpFRPSWpHVDSUqV
MRXUVG¶LQFXEDWLRQj&/DTXDQWLILFDWLRQGHVSURSULpWpVDGKpVLYHVGHM. intracellulare
DpWp UDSSRUWpHHQ8)&P/3YDOXHDpWpFDOFXOpHJUkFHDX©XQSDLUHG WZR WDLOHG WWHVWª
UpDOLVp VXU OH ORJLFLHO *UDSK3DG 3ULVP YHUVLRQ  R 3  HVW FRQVLGpUpH FRPPH
















'LIIpUHQWV UDSSRUWV PRQWUHQW TXH O¶DMRXW GH FRPSRVDQWV GH OD PDWULFH H[WUDFHOOXODLUH VHUDLW
FDSDEOH GHPRGXOHU O¶DGKpUHQFH GHV EDFWpULHV DX[ FHOOXOHV pSLWKpOLDOHV :DVWURP 
&RPPH M. intracellulare D XQ WURSLVPH SXOPRQDLUH GDQV  GHV FDV O¶XWLOLVDWLRQ GHV
SQHXPRF\WHV $ FRPPH PRGqOH HVW GRQF WRXW j IDLW MXVWLILp /HV UpVXOWDWV PHWWHQW HQ
pYLGHQFH TXH M. intracellulare*)3/X[ HVW FDSDEOH G¶DGKpUHU DX[ FHOOXOHV pSLWKpOLDOHV
SXOPRQDLUHV/¶DMRXWGH FRPSRVDQWV H[RJqQHV WHOVTXH O¶KpSDULQHRX OD/PDXQH LQIOXHQFH
DQWDJRQLVWH VXU O¶DGKpUHQFH GX EDFLOOH (Q HIIHW XQH GLPLQXWLRQ GH O¶DGKpVLRQ HVW REVHUYpH
ORUVTXH OHV EDFWpULHV VRQW SUpLQFXEpHV DYHF GH O¶KpSDULQH DORUV TX¶XQH DXJPHQWDWLRQ

VLJQLILFDWLYH GH O¶DGKpVLRQ HVW REVHUYpH ORUVTX¶HOOHV VRQW SUpLQFXEpHV DYHF GH OD ODPLQLQH
)LJXUH $ HW % &HV UpVXOWDWV VXJJqUHQW TXH GHX[ DGKpVLQHV GH W\SH +%+$ HW /%3
















/HV SURWpLQHV LPSOLTXpHV GDQV FHV SURFHVVXV RQW pWp SXULILpHV SDU OD FKURPDWRJUDSKLH
G¶DIILQLWp SRXU O¶KpSDULQH UpDOLVpH j SDUWLU G¶XQ O\VDW GH M. intracellulare SDU OD PpWKRGH
)LJXUH0LVHHQpYLGHQFHGHO¶DGKpVLRQGHM. intracellulareDX[FHOOXOHVpSLWKpOLDOHVSXOPRQDLUHV$
/HV FHOOXOHV$RQW pWp LQIHFWpHVSDUM. intracellulare*)3/X[ DYHF XQHPRL GH HQSUpVHQFH HWRX
DEVHQFH G¶KpSDULQH  JPO HW GH ODPLQLQH  JPO (A) /HV FHOOXOHV LQIHFWpHV VRQW REVHUYpHV SDU
PLFURVFRSLHjIOXRUHVFHQFHjREMHFWLI(B)/HVFHOOXOHVLQIHFWpHVVRQWpWDOpHVVXUPLOLHX+2$'&
+\JURP\FLQH JPO HW OHV FRORQLHV RQW pWp FRPSWpHV DSUqV  MRXUV GH FXOWXUH /D TXDQWLILFDWLRQ GHV
SURSULpWpVDGKpVLYHVGH0L DpWpUDSSRUWpHHQ8)&PO3YDOXHDpWpFDOFXOpHJUkFHDX©XQSDLUHGWZRWDLOHGW


















'LVSRVDQW G¶XQ SDQHO G¶LVRODWV FOLQLTXHV SURYHQDQW GH GLIIpUHQWHV SDWKRORJLHV SXOPRQDLUHV
QRXVDYRQVG¶XQHSDUWUHFKHUFKpODSUpVHQFHGHVJqQHVhbha HWlbpHWG¶DXWUHSDUWpWXGLpOHXU
SRO\PRUSKLVPH SDU PpWKRGH 3&5 /HV UpVXOWDWV LQGLTXHQW TXH OHV GHX[ JqQHV hbh
)LJXUH$ HW lbp )LJXUH % VRQW SUpVHQWV SRXU OHV  LVRODWV FOLQLTXHV GH M. 
intracellulare DQDO\VpV HW QH PRQWUHQW SDV GH SRO\PRUSKLVPH G¶XQ LVRODW j O¶DXWUH &HV




(A) (Q FRQWU{OH OD /%3 QDWLYH SXULILpH GH Map  /HV O\VDWV GH M. a. paratuberculosis .  HW M. 
intracellulare $7&&   RQW pWp DQDO\VpV SDU :HVWHUQ%ORW DYHF O¶DQWLFRUSV PRQRFORQDO 

( TXL








































/¶H[SUHVVLRQ GHV DGKpVLQHV +%+$ HW /%3 D pWp DQDO\VpH SDU :HVWHUQ%ORW VXU GHV O\VDWV EDFWpULHQV LVVXV
G¶LVRODWVFOLQLTXHV/¶DQWLFRUSVPRQRFORQDO(DpWpXWLOLVpHWUpYpOpDYHFXQDQWLFRUSVDQWLVRXULV,J*	







LGpH JOREDOH VXU OHV DGKpVLQHV H[SULPpHV SDU OHV HVSqFHV GX 0$& /¶pWXGH in silico D
GpPRQWUpODSUpVHQFHGHVGHX[JqQHVhbhaHWlbp,VXUOHJpQRPHGHM. intracellulare $7&&
HWO¶DQDO\VHSDULPPXQREORWQRXVDSHUPLVGHYLVXDOLVHUO¶H[SUHVVLRQGHFHVSURWpLQHV
/HV SUHPLqUHV GRQQpHV REWHQXHV FRQFHUQDQW O¶DGKpVLRQ GH M. intracellulare DX[ FHOOXOHV
pSLWKpOLDOHV$ VXJJqUHQW TXHM. intracellulare H[SULPH j VD VXUIDFH XQH+%+$HW XQH
/%3 FDSDEOHV G¶LQWHUDJLU DYHF OHV FRPSRVpV GH OD PDWULFH H[WUDFHOOXODLUH /HV UpVXOWDWV







/¶DGKpVLQH+%+$GHM. intracellulareDDHVWLGHQWLTXHjFHOOHVGX0$&M. a. avium
M. a. hominissuisHWGHM. a. paratuberculosisGHW\SH6DD$ORUVTXHOD/%3GHM. 
intracellulare HVW WUqVSURFKHPDLVGLIIpUHQWH /DSUpVHQFHGH JURXSHPHQWVPpWK\OHV VXU OHV
UpVLGXV O\VLQHV GH OD SURWpLQH D pJDOHPHQW pWpPLVH HQ pYLGHQFH VXU OD+%+$GH%&*M. 
smegmatis HW VXU OD /%3 GH M. a. paratuberculosis 0HQR]]L  %LHW 
/HIUDQFRLV  &RPPH SRXU OHV DXWUHV HVSqFHV P\FREDFWpULHQQHV OH SURILO H[DFW GH
PpWK\ODWLRQOHVPpWK\OWUDQVIpUDVHVLPSOLTXpHVDLQVLTXHOHSURFHVVXVPROpFXODLUHPLVHQMHX
Q¶HVWSDVHQFRUHGpILQL$FWXHOOHPHQWVHXOOHXUVU{OHVGDQVODSURWHFWLRQHWO¶LPPXQRJpQLFLWp
GH OD SURWpLQH RQW pWp GpPRQWUpV 0HQR]]L   3HWKH  3HWKH 
3DUUD7HPPHUPDQ

'LVSRVDQW G¶LVRODWV FOLQLTXHV KXPDLQV GH M. intracellulare SURYHQDQW GH GLIIpUHQWHV
SDWKRORJLHVQRXVDYRQVFKHUFKpjLGHQWLILHUXQHUHODWLRQHQWUHOHVDGKpVLQHV+%+$HW/%3
HW ODSDUWLFXODULWpGHV LQIHFWLRQV jM. intracellulare IRUPHSXOPRQDLUHRXGLVVpPLQpH3RXU
FHODQRXVDYRQVDQDO\Vp OHSRO\PRUSKLVPHGHFHVGHX[JqQHVSDU3&5HWSDU LPPXQREORW
2Q REVHUYH TXH OD +%+$ HW OD /%3 H[SULPpHV SDU OHV LVRODWV FOLQLTXHV VRQW VWULFWHPHQW
FRQVHUYpHV HQWUH HOOHV HW FRPSDUDEOHV j OD +%+$ HW OD /%3 H[SULPpHV SDU OD VRXFKH GH
UpIpUHQFH VXJJpUDQW XQH DEVHQFH GH SRO\PRUSKLVPH GDQV O¶HVSqFH intracellulare (Q

UHYDQFKH FKH] G¶DXWUHV SDWKRJqQHV KXPDLQV WHOV TXHHaemophilus HW  Streptocococcus OH
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'HSXLV VD GpFRXYHUWH LO \ D SOXV GH GHX[ VLqFOHV OD SDUDWXEHUFXORVH UHVWH DXMRXUG¶KXL XQH
SUpRFFXSDWLRQ PDMHXUH HQ VDQWp DQLPDOH /¶DJHQW pWLRORJLTXH M. a. paratuberculosis HVW
UHVSRQVDEOH G¶LQIODPPDWLRQV FKURQLTXHV GH O¶LQWHVWLQ GHV UXPLQDQWV HW HVW VXVSHFWp G¶rWUH
WUDQVPLV j O¶KRPPH GDQV FHUWDLQV FDV GH PDODGLH GH &URKQ /HV SODQV GH PDvWULVH HW GH
FRQWU{OHPLVHQSODFHGHSXLVSOXVLHXUVGpFHQQLHVQ¶RQWSDVSHUPLVGHFRQWHQLUFHWWHSDWKRORJLH
GRQW OD SUpYDOHQFH QH FHVVH GH SURJUHVVHU /HV pWXGHV VFLHQWLILTXHV VRQW HVVHQWLHOOHPHQW
GpGLpHVDXGpYHORSSHPHQWHWjO¶DPpOLRUDWLRQGXGLDJQRVWLFSDUODUHFKHUFKHG¶DQWLJqQHVSOXV
VSpFLILTXHVPDLV DXVVL FDSDEOHV GH GpFHOHU OD SKDVH SUpFRFH GH O¶LQIHFWLRQ 3DU FRQVpTXHQW
O¶LQWHUDFWLRQ GH M. a. paratuberculosis DYHF O¶K{WH HW OHV DGKpVLQHV LPSOLTXpHV GDQV FHV
SURFHVVXVVRQWWUqVSHXpWXGLpHVFHTXLPRQWUHO¶RULJLQDOLWpGHQRWUHpWXGH
/HVFHOOXOHVHXFDU\RWHVSUpVHQWHQWj OHXUVXUIDFHXQSDQHOGHUpFHSWHXUVLPSOLTXpVGDQVOHXU
SURFHVVXV SK\VLRORJLTXH /HV PLFURRUJDQLVPHV RQW VX pYROXHU HW V¶DGDSWHU j OHXU K{WH HQ
GpWRXUQDQWFHVUpFHSWHXUVjOHXUSURILW/HVPpFDQLVPHVG¶LQWHUDFWLRQK{WHSDWKRJqQHFKH]OHV
P\FREDFWpULHV RQW GpPRQWUp O¶LPSRUWDQFH GH O¶DGKpVLQH +%+$ Heparin Binding 
HemAgglutininFKH]M. tuberculosisHW/%3Laminin Binding ProteinFKH]M. leprae(Q
UHYDQFKH SHX G¶pWXGHV V¶LQWpUHVVHQW j FRPSUHQGUH OD VWUDWpJLH XWLOLVpH SDU M. a. 
paratuberculosis SRXU V¶LPSODQWHU GDQV VRQ K{WH HW j FDUDFWpULVHU OHVPROpFXOHV LPSOLTXpHV
GDQVO¶LPSODQWDWLRQHWODFRORQLVDWLRQGHO¶LQWHVWLQSDUOHEDFLOOH
/¶REMHFWLI GH PRQ SURMHW GH UHFKHUFKH YLVDLW j LVROHU HW FDUDFWpULVHU FHV GHX[ DGKpVLQHV







 /D PLVH HQ SODFH G¶XQH PpWKRGH GH FKURPDWRJUDSKLH G¶DIILQLWp SRXU O¶KpSDULQH
DGDSWpH j OD +%+$ GHM. a. paratuberculosisHW XWLOLVpH HQ URXWLQH DX ODERUDWRLUH
5pVXOWDWV$57,&/(,,










SDUWLFXOLpUHPHQW LPSRUWDQWHVSRXU OHXUFDUDFWpULVDWLRQELRFKLPLTXHHW OHXUXWLOLVDWLRQHQ WDQW
TX¶DQWLJqQHLPPXQRPRGXODWHXU/¶REVWDFOHPDMHXUDpWpODFURLVVDQFHH[WUrPHPHQWOHQWHHW
GpOLFDWH GHM. a. paratuberculosis 3RXU VXUPRQWHU FHV GLIILFXOWpV QRXV DYRQV G WHVWHU OD
FXOWXUH GH M. a. paratuberculosis HQ IHUPHQWHXU HW WURXYHU OHV FRQGLWLRQV GH SXULILFDWLRQ
DGDSWpHVDX[VSpFLILFLWpVGHOD+%+$GHM. a. paratuberculosisGHW\SH&
$FWXHOOHPHQWQRXVGLVSRVRQVGHVDQWLJqQHVQDWLIV+%+$HW/%3GHM. a. paratuberculosis
W\SH & HQ TXDQWLWp VXIILVDQWH SRXU WHVWHU OHXUV SRWHQWLHOV SRXU OH GLDJQRVWLF GH OD
SDUDWXEHUFXORVH/¶DQDO\VHSDUVSHFWURPpWULHGHPDVVHVXUOHVSURWpLQHVH[WUDLWHVHWSXULILpHVj
SDUWLUG¶XQO\VDWGHM. a. paratuberculosisQRXVDSHUPLVGHUpYpOHUODSUpVHQFHGHFHUWDLQHV
PRGLILFDWLRQV SRVWWUDGXFWLRQQHOOHV HW HQ SDUWLFXOLHU GHV JURXSHPHQWVPpWK\OHV SUpVHQWV VXU





UpSRQVH LPPXQLWDLUH jPpGLDWLRQFHOOXODLUH&HVGHUQLqUHV DQQpHV OD+%+$jpWpSURSRVpH
FRPPH DQWLJqQH SRXU OH GLDJQRVWLF GH OD WXEHUFXORVH ODWHQWH FKH] O¶KRPPH +RXJDUG\
(QHIIHWOHVDQWLJqQHV(6$7HW&)3XWLOLVpVFRPPHUFLDOHPHQWHWFRQWUDLUHPHQW
j OD +%+$ QH SHUPHWWHQW SDV GH GLVFULPLQHU XQH SKDVH ODWHQWH G¶XQH WXEHUFXORVH DFWLYH
/¶DQWLJqQH+%+$SRXUUDLWrWUHXWLOLVpHQFRPSOpPHQWGHVDQWLJqQHV(6$7HW&)3SRXU
GLVFULPLQHU XQH LQIHFWLRQ ODWHQWH G¶XQH WXEHUFXORVH DFWLYH SDU M. tuberculosis &HWWH
GLIIpUHQFH HVWPLVH HQ pYLGHQFH SDU GHV WHVWV in vitroPHVXUDQW OD TXDQWLWp G¶,)1Ȗ VpFUpWp




FURLVVDQFH UDSLGH pJDOHPHQW FDSDEOH G¶LQGXLUH GHV PRGLILFDWLRQV SRVWWUDGXFWLRQQHOOHV /HV
UpVXOWDWV GH VWLPXODWLRQRQWPRQWUpTXH OD UpSRQVH HQ ,)1ȖREWHQXHDYHF O¶DQWLJqQHSURGXLW




REVHUYDWLRQ SHXW V¶H[SOLTXHU SDU OD SUpVHQFH GH  JURXSHPHQWVPpWK\OHV VXU+%+$07%
SURGXLWH SDUM. smegmatis FRQWUH  SRXU XQH +%+$07% QDWLYH 'HORJX  /HV
PpWKRGHV GH GLDJQRVWLF GLVSRQLEOHV SRXU GpWHFWHU OD SDUDWXEHUFXORVH VRQW SHX VHQVLEOHV HW
UHSRVHQW VXU GHV WHVWV VpURORJLTXHV TXL QH SHUPHWWHQW SDV GH GpWHFWHU OD SKDVH SUpFRFH GH
O¶LQIHFWLRQ'DQV FH FRQWH[WH LO VHUDLW LQWpUHVVDQW GH WHVWHU OD FDSDFLWp GH O¶DQWLJqQH+%+$
QDWLI VSpFLILTXH GH M. a. paratuberculosis GH W\SH & j LQGXLUH XQH UpSRQVH FHOOXODLUH
VSpFLILTXHYLDODVpFUpWLRQG¶,)1ȖPDUTXHXUGHODSKDVHSUpFRFH
'HSOXV QRXV DYRQV UHPDUTXpTXH OD VRXVHVSqFHparatuberculosis SURGXLW GHX[ IRUPHVGH
+%+$TXLVRQWFKDFXQHVVSpFLILTXHVGHVW\SHV&HW61RXVYRXGULRQVVDYRLUVLOHV+%+$GH
W\SH & HW GH W\SH 6 VRQWFDSDEOHV GH GLVFULPHU XQH LQIHFWLRQ SDU XQH VRXFKH GH M. a. 
paratuberculosis GH W\SH & RX GH W\SH 6" 3RXU FHOD OD VpFUpWLRQ G¶,)1Ȗ SDU GHV FHOOXOHV
ERYLQHVHWRYLQHVLQIHFWpHVUHVSHFWLYHPHQWVHUDTXDQWLILpH
3RXU DERUGHU FHWWH GHUQLqUH K\SRWKqVH QRXV GHYRQV REWHQLU XQH ELRPDVVH GH M. a. 
paratuberculosisGHW\SH6VXIILVDQWHSRXUSRXYRLULVROHUOD+%+$QDWLYH/¶REVWDFOHPDMHXU
HVWODFURLVVDQFHH[WUrPHPHQWOHQWHGHVVRXFKHVGHM. a. paratuberculosiVGHW\SH6TXLHVW
HQFRUH SOXV FRQWUDLJQDQWH TXH FHOOH GHV VRXFKHV GH W\SH& 3RXU UpSRQGUH j FHV SUREOqPHV
QRXV DOORQV WUDQIpUHU OH ©VDYRLUIDLUHª GHV pTXLSHV TXLPDvWULVH OD FXOWXUH GH FHV VRXFKHV
3RXUOHVWHVWV,*5$VQRXVSRXUULRQVpJDOHPHQWXWLOLVHUOD+%+$QDWLYHGHM. a. aviumTXL
HVWLGHQWLTXHjDYHFOD+%+$SURGXLWHSDUM. a. paratuberculosisGHW\SH6
(QIRQFWLRQGHVUpVXOWDWVGHO¶pWXGHin vitroGHVWLPXODWLRQDQWLJpQLTXHSDUOD+%+$GHM. a. 




OD +%+$ UHFRPELQDQWH GH M. a. paratuberculosis pYLWDQW DLQVL O¶pWDSH IDVWLGLHXVH GH









/¶XQHGHVREVHUYDWLRQV OHVSOXV LQWpUHVVDQWHVGHPRQ WUDYDLO HVW OHSRO\PRUSKLVPHGXJqQH
hbhAFKH]M. a. paratuberculosis. 'HIDoRQVXUSUHQDQWHQRXVDYRQVpJDOHPHQWFRQVWDWpTXH
ODVRXVHVSqFHparatuberculosisSURGXLWpJDOHPHQWGHX[W\SHVGH/%3TXLGLIIqUHQWGDQVOHXU
GRPDLQH&WHUPLQDOUpVXOWDWVQRQPRQWUpV&HWWHVXUSUHQDQWHYDULDELOLWpHVWREVHUYpHSRXUOD
SUHPLqUH IRLVHWXQLTXHPHQWDXVHLQGH OD VRXVHVSqFHparatuberculosis/HSRO\PRUSKLVPH
REVHUYpVXUFHVGHX[DGKpVLQHVHVWXQDUJXPHQWGHSOXVTXLYLHQWFRPSOpWHU OHVGLIIpUHQFHV
SKpQRW\SLTXHV TXL GLYLVHQW OD VRXVHVSqFH paratuberculosis &RQFHUQDQW O¶pYROXWLRQ GH
O¶HVSqFH avium FHV QRXYHDX[ pOpPHQWV V¶LQVFULYHQW SOXW{W GDQV OH VFKpPD G¶XQH pYROXWLRQ
GLVWLQFWHHWLQGpSHQGDQWHGHVW\SHV&HW6GHM. a. paratuberculosis SUpFpGHPPHQWGpFULWHSDU
$OH[DQGHUet al$OH[DQGHU






DWHOOH XQH DIILQLWp SOXV IRUWH SRXU OHV FRPSRVpV GH OD PDWULFH H[WUDFHOOXODLUH
VSpFLILTXHG¶XQWLVVXVRXG¶XQRUJDQHRXG¶XQK{WH"
&RPPH GpFULW GDQV OHV REMHFWLIV GH FHWWH pWXGH OD TXDQWLILFDWLRQ GH O¶LQWHUDFWLRQ HQWUH OHV
DGKpVLQHV+%+$HW/%3GHM. a. paratuberculosis DYHFGLIIpUHQWV FRPSRVpVGH ODPDWULFH
H[WUDFHOOXODLUH ODPLQLQH KpSDULQH HW FROODJqQH D pWp pWXGLpH SDU (/,6$ HW FRPSDUpH DX[
+%+$ GH M. smegmatis M. a. avium HW %&* GpFULWHV GDQV OD OLWWpUDWXUH /HV GRQQpHV
SUpOLPLQDLUHVPRQWUHQWTXHOHV+%+$UHFRPELQDQWHVGHWRXWHVOHVHVSqFHVLQWHUDJLVVHQWDYHF
O¶KpSDULQHHWODODPLQLQH1RXVDYRQVSXGLVWLQJXHUGHX[JURXSHVPDMHXUVXQJURXSHGHIRUWH
DIILQLWp TXL FRPSUHQG OD+%+$GHM. a. paratuberculosis GH W\SH 6 HW XQ JURXSH GH SOXV
IDLEOHDIILQLWpSRXUODODPLQLQHHWO¶KpSDULQHTXLFRQWLHQWOD+%+$GHM. a. paratuberculosis
GHW\SH&&HWWHWHQGDQFHHVWjFRQILUPHU






O¶KpSDULQH TXH O¶DGKpVLRQ GHM. a. paratuberculosis GH W\SH & HVW IRUWHPHQW GLPLQXpH HQ
SUpVHQFHG¶KpSDULQHFHTXLVXJJqUHTXHOD+%+$MRXHXQU{OHGDQVO¶DGKpVLRQGXEDFLOOHjOD
FHOOXOHK{WHPDOJUpXQGRPDLQH&WHUPLQDOFRXUW
 /D GLIIpUHQFH GH +%+$ HQWUH OHV HVSqFHV P\FREDFWpULHQQHV HW DX VHLQ GH OD VRXV
HVSqFHparatuberculosisHVWHOOH UHVSRQVDEOHG¶XQHVSpFLILFLWpFHOOXODLUH WLVVXODLUHRX
G¶K{WH REVHUYpH SRXU OHV LQIHFWLRQV P\FREDFWpULHQQHV" /H WURSLVPH LQWHVWLQDO HW OD
VSpFLILFLWpG¶K{WHGHM. a. paratuberculosis VRQWLOV HQ UHODWLRQ DYHF OHV DGKpVLQHV"
(VWFHTXHODIRUPHORQJXHGH+%+$GHVVRXFKHVGHM. a. paratuberculosisGHW\SH6
HVWXQDYDQWDJHSRXUVDYLUXOHQFH"
3RXU DERUGHU FHV K\SRWKqVHV QRXV DYRQV FRPPHQFp j UpDOLVHU GHV WHVWV G¶DGKpVLRQ VXU
GLIIpUHQWV W\SHV FHOOXODLUHV OHV FHOOXOHV pSLWKpOLDOHV SXOPRQDLUHV $ OHV FHOOXOHV
pSLWKpOLDOHV LQWHVWLQDOHV &DFR HW OHV FHOOXOHV GH 6FKZDQQ 67 RQW pWp XWLOLVpHV SRXU
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Souches – Plasmides Génotype – Description Réfèrence – Source
Bactéries
E. coli 723 )±mcr$ ǻmrrhsd506mcr%& ĭlac=ǻ0 ǻlac; rec$ ara' ǻara leugal8gal.rps/6WU5end$nup* ,QYLWURJHQ
E. coli%/'( )±omp7hsd6%U%±P%±gal dcm '( ,QYLWURJHQ
M. smegmatis $7&&PF 6RXFKHGHODERUDWRLUH
M. a. paratuberculosis 7\SH&$7&&%$$±.7\SH6, 6RXFKHGHODERUDWRLUH








S55 2ULJLQHGHUpSOLFDWLRQE. coliHWP\FREDFWpULHQQHJqQHAmp5HWKan5 5DQHet al.
S607 2ULJLQH GH UpSOLFDWLRQ P\FREDFWpULHQQH JqQH EGFP +VS SURPRWHXU JqQH Lux$%N'DSURPRWHXUJqQHHyg5 +XPSKUH\Vet al.
Constructions
3+%+$6 S55SURPRWHXUhbhA M. a. paratuberculosisW\SH6.DQ5 &HWWHpWXGH
3+%+$0$+ S55SURPRWHXUhbhA M. a. hominissuis 104.DQ5 &HWWHpWXGH
3+%+$/1 S55SURPRWHXUhbhAM. a. paratuberculosis/1.DQ5 &HWWHpWXGH
3+%+$& S55SURPRWHXUhbhA M. a. paratuberculosis /1.DQ5 &HWWHpWXGH
+%+$6 S(7EhbhAM. a. paratuberculosisW\SH6$PS5 &HWWHpWXGH
+%+$ǻ& S(7D  hbhAǻ&WHUPLQDO  DD M. a. paratuberculosis W\SH 6 ± +LV7DJ 1WHUPLQDO±.DQ5 &HWWHpWXGH
+%+$/1 S(7EhbhAM. a. paratuberculosis/1$PS5 &HWWHpWXGH
+%+$%&* S(7DhbhA%&*.DQ5 &HWWHpWXGH
+%+$60* S(7DhbhAM. smegmatisPF.DQ5 %LHWet al
+%+$0$$ S(7DhbhAM. a. avium.DQ5 &HWWHpWXGH
+%+$& S(7DhbhAM. a. paratuberculosis.DQ5 &HWWHpWXGH
+%+$0, S(7DhbhAM. intracellulare 13950 .DQ5 &HWWHpWXGH
/%3& S(7DlbpM. a. paratuberculosis.DQ5 /HIUDQoRLVet al. 
/%36 S(7DlbpM. a. paratuberculosisW\SH6.DQ5 &HWWHpWXGH
/%3/1 S(7DlbpM. a. paratuberculosis/1.DQ5 &HWWHpWXGH
0L*)3/X[ S607(*)3/X[ &HWWHpWXGH






















6HTXHQFHSURWpLTXH     
3RLGVPROpFXODLUH
DSSDUHQWN'D a ² a a a
3RLGVPROpFXODLUH
WKpRULTXHN'D     
0RGLILFDWLRQVSRVW
WUDGXFWLRQQHOOHV *O\FRV\ODWLRQV 1' 1' 0pWK\ODWLRQV 0pWK\ODWLRQV
3RLQWLVRpOHFWULTXH3L     
3HSWLGHVLJQDO 2XL 2XL 1RQ 1RQ 1RQ
/RFDOLVDWLRQ
PHPEUDQDLUH 2XL 2XL 2XL 2XL 2XL
3URWpLQHVpFUpWpH 2XL ² ² ² ²
&DUDFWqUHVSpFLILTXH 5LFKHHQDODQLQH3UROLQH ² ² 5LFKHHQDODQLQHO\VLQH 5LFKHHQDODQLQHO\VLQH
1DFFHVVLRQ $$6 $)$)$) $$6 13B $$6
/RFXV 0$3 0$30$3F0$3F 0$3F 0$3F 0$3















































Heterogeneity of subspecies Mycobacterium avium paratuberculosis: From genotype to 
phenotype           
 WK ,QWHUQDWLRQDO&RQIHUHQFHRQ WKH3DWKRJHQHVLVRI0\FREDFWHULDO ,QIHFWLRQV -XLOOHW
6WRFNKROP±6ZHGHQ        




Characterization of the Mycobacterium avium ssbp. paratuberculosis laminin-binding 




Heparin binding hemagglutinin (HBHA) produced by Mycobacterium avium subsp. 
paratuberculosis revealed a double face: virulence factor and evolutionary marker.
-RXUQpHGHV0LFURELRORJLVWHVGHO¶,15$0DL3RLWLHUV±)UDQFH 
 0\FR&OXE2FWREUH/LOOH±)UDQFH 
   
Heterogeneity of subspecies Mycobacterium avium paratuberculosis: From genotype to 








Post-translational modifications of the HBHA of Mycobacterium avium subsp. 







-3 +XJRW 2 &KDFRQ 5 %DUOHWWD & /RFKW 0 & 9LGDO 3HVVRODQL DQG ) %LHW
Characterization of the Mycobacterium avium subp. paratuberculosis laminin-
binding/histone-like protein (Lbp/Hlp) which reacts with sera from patients with Crohn's 
disease. 0LFUREHV DQG ,QIHFWLRQ    '2, LQIRUPDWLRQ
MPLFLQI 
      
)%LHW,$6HYLOOD7&RFKDUG L. H. Lefrancois-0*DUULGR,+HURQ5
$ -XVWH - 0F/XFNLH 9 & 7KLEDXOW 3 6XSSO\ ' 0 &ROOLQV 0 $ %HKU DQG .
6WHYHQVRQ. Inter- and Intra-subtype genotypic differences that differentiate Mycobacterium 
avium subspecies paratuberculosis strains. Revised by BMC Microbiology
    

L. H. Lefrancois, &&%RGLHU 6 /HFKHU ) %*LOEHUW7&RFKDUG$3
7H[LHUD*RPH] ' 5D]H & /RFKW DQG ) %LHW Purification of native HBHA from 
Mycobacterium avium subsp. paratuberculosis: optimization of culture conditions and 
development of the FPLC purification on heparin Sepharose. Submitted for BMC Research 
Notes 

L. H. Lefrancois, &&%RGLHU7&RFKDUG)%*LOEHUW6/HFKHU'5D]H
3/DQRWWH(+DJXHQRHU,$6HYLOOD.6WHYHQVRQ0$%HKU, '0&ROOLQV,&/RFKWDQG
)%LHWA novel phenotypic features of Mycobacterium avium subspecies paratuberculosis 
highlighted by characterization of the adhesin HBHA In preparation for Journal of 
Bacteriology

L. H. Lefrancois,0&9LGDO3HVVRODQLDQG)%LHW Mycobacterial adhesins 








Mycobacterium avium VVS paratuberculosis 0DSDJHQWpWLRORJLTXHGHODSDUDWXEHUFXORVHDpYROXpHQGHX[
W\SHVGpQRPPpV6SRXU©6KHHSªHW&SRXU©&DWWOHª/¶LQWHVWLQJUrOHHVWOHVLWHSULPDLUHGHO¶LQIHFWLRQj0DS
PDLV OHV PpFDQLVPHV PROpFXODLUHV LPSOLTXpV GDQV O¶LPSODQWDWLRQ GX EDFLOOH UHVWHQW ODUJHPHQW PpFRQQXV
/¶REMHFWLIGHPRQSURMHWGH WKqVHYLVDLW j LGHQWLILHUHW FDUDFWpULVHU OHVDGKpVLQHVH[SULPpHVSDU0DSSDUGHV
DSSURFKHV JpQpWLTXHV HW ELRFKLPLTXHV -¶DL DLQVL SXULILp OD+%+$HW OD /%3SDU FKURPDWRJUDSKLH G¶DIILQLWp
SXLVOHVDLLGHQWLILpVHQVSHFWURPpWULHGHPDVVH/¶RULJLQDOLWpGHFHWUDYDLOUHSRVHVXUOHSRO\PRUSKLVPHGHFHV
DGKpVLQHVREVHUYp HQWUH OHV VRXFKHVGH W\SH&HW6&HWWHYDULDELOLWp D pWpPLVH HQ pYLGHQFH VXU OHGRPDLQH
G¶LQWHUDFWLRQDYHFOHVVXFUHVVXOIDWpVGHODFHOOXOHK{WHLQIOXHQoDQWO¶DIILQLWpGHVDGKpVLQHVSRXUO¶KpSDULQH&H










Mycobacterium avium VXEVS paratuberculosis 0DS WKH HWLRORJLFDO DJHQW RI SDUDWXEHUFXORVLV KDV HYROYHG
LQWRWZRW\SHVFDOOHG6IRU6KHHSDQG&IRU&DWWOH7KHVPDOOLQWHVWLQHLVWKHSULPDU\VLWHRI0DSLQIHFWLRQ
EXWWKHPROHFXODUPHFKDQLVPVLQYROYHGLQWKHHVWDEOLVKPHQWRIEDFLOOLDUHVWLOOXQNQRZQ7KHDLPRIP\WKHVLV
ZDV WR LGHQWLI\ DQG FKDUDFWHUL]H WKH DGKHVLQV H[SUHVVHG E\0DS E\ JHQHWLF DQG ELRFKHPLFDO DSSURDFKHV ,
SXULILHG +%+$ DQG /%3 E\ DIILQLW\ FKURPDWRJUDSK\ WKHQ LGHQWLILHG WKHP E\ PDVV VSHFWURPHWU\ 7KH
RULJLQDOLW\RIWKLVZRUNLVEDVHGRQWKHSRO\PRUSKLVPRIWKHVHDGKHVLQVREVHUYHGEHWZHHQVWUDLQVRIW\SH&DQG
67KLVYDULDELOLW\KDVEHHQGHPRQVWUDWHGLQWKHELQGLQJGRPDLQLQYROYHGLQLQWHUDFWLRQZLWKVXOIDWHGVXJDUVRI
KRVW FHOO LQIOXHQFHV DGKHVLQV DIILQLW\ IRU KHSDULQ 7KLV WKHVLV KDV FKDUDFWHUL]HG IRU WKH ILUVW WLPH WKHVH WZR
DGKHVLQVSURGXFHGE\0DS6SHFLILFSRO\PRUSKLVPKLJKOLJKWHGUHODWHGWR WKHHYROXWLRQRIWKHVSHFLHVavium
RSHQV ODUJH QXPEHU TXHVWLRQV RQ WKHLU UROH RQ WKH SDWKRJHQHVLV RI0DS LQFOXGLQJ WKH FHOOXODU WURSLVP KRVW
SUHIHUHQFHRULQWHUHVWRIWKHVHDQWLJHQVWRLPSURYHGLDJQRVWLF

.H\ ZRUGV  SDUDWXEHUFXORVLV Mycobacterium avium VXEVS. paratuberculosis, DGKHVLQV Heparin Binding 
HemAgglutinin+%+$Laminin Binding Protein/%3SRO\PRUSKLVP



